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PART I

INTRODUCTION

1-01. Location and Description of Project. This project,"The San Antonio
River and San Pedro Creek Tunnels, Phase II-Tunnels and Shafts," is part of
the broader San Antonio Channel Improvement Project. The latter is a flood
control project for the upper San Antonio River and four tributaries--,
Martinez, Alazan, Apache, 'and San Pedro Creeks. The subject of this report ig
a tunnel constructed on San Pedro Creek.

San Pedro Creek Tunnel is the shorter of the two inverted siphon tunnels which
have been designed to prevent flooding in downtown San Antonio, Texas. Both
tunnels are of the same design and same general dimensions, and have been
excavated by the same tunnel boring machine (TBM). Each tunnel will divert
flood waters from its respective drainage into an inlet shaft located upstream
from the city, and transfer "the water beneath the city to an outlet shaft
downstream. San Pedro Creek Tunnel extends 5,985 feet from the center of the

inlet shaft to the center of the outlet shaft. The longer San Antonio River
Tunnel, the subject of a later report, extends 16,225 feet between the centers
of its inlet and outlet shafts.

The subject tunnel follows the course of San Pedro Creek in an easterly arc
between Interstate Highway 35 on the north and Guadalupe Street on the south.
The tunnel slopes downstream at a gradient of .002 from an invert depth of 117
feet (elev. 506) at the inlet to 145 feet (elev. 494) at the outlet. The
lining is 12-inch thick precast concrete which gives an inside tunnel diameter
of 24 feet 4 inches.

There are seven shafts along San Pedro Creek Tunnel. The inlet shaft is
located just south of the intersection of Interstate Highways 35 and 10, and
lies between Santa Rosa Street on the west and Camaron Street on the east. It
has a cast-in-place concrete liner with a I.D. of 24 feet 4 inches. An
18-foot I.D. cast-in-place concrete maintenance shaft is located approximately
100 feet south of the Travis Street Bridge and just west of Cameron Street.
Two 4-foot I.D.steel pipe ventilation shafts are located respectively about
100 feet south of Salinas Street and about 100 feet north of Durango Street.
Two 12-inch I.D. steel pipe shafts are located respectively within
approximately 150 feet of the inlet shaft and the outlet shaft; these shafts

facilitate hydraulic instrumentation measurements once the tunnel is in
operation. The outlet shaft is located about 130 feet north of Guadalupe

Street just west of San Pedro Creek; it is lined with cast-in-place concrete

to an I.D. of 35 feet.

1-02. Construction Authority. Construction of the San Antonio Channel
Improvement Project was authorized in the Flood Control Act of 1954 which was

approved on September 3, 1954 (Public Law 780, 83rd Congress, 2nd Session).
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1-03. Puroose of Remort. The objective of this report is to describe the
foundation conditions encountered during the construction of the subject
tunnel and shafts. It is also intended to bp a consolidated record of the
foundation related construction operations and an information source for
future reference. The report is to be a part of the permanent project
engineering and construction record, and will provide background knowledge fcr
evaluation of any future structural problems or further foundation studies.

1-04. Contractor and Contract Supervision. Ohbayashi Corporation of Tokyo,
Japan and San Francisco, California was awarded construction of the "San
Antonio River and San Pedro Creek Tunnels, Phase II -Tunnels and Shafts" under
Contract No. DACW63-87-C-0109 on September 23, 1987. The contract amount was
$47,750,000.40. The Notice to Proceed was issued on October 30, 1987, and the
contractor acknowledged receipt on November 3, 1987.

Subcontractors to Ohbayashi on the San Pedro Creek Tunnel included Boretec
Inc. of Solon, Ohio who selected and re-manufactured a used TBM for the job;
Sehulster Company Inc., of Milwaukee, Wisconsin, who manufactured the precast
concrete liner segments at a plant established in San Antonio; Woodward-Clyde
Consultants of Houston, Texas who were responsible for the specified
geotechnical instrumentation program; Cato Electric and Drilling of San
Antonio who constructed the concrete soldier piers for the maintenance shaft,
Beck Foundation Company of San Antonio who drilled the maintenance, vent, and
hydraulic instrumentation shafts, and J-Mar Construction who contracted the
muck hauling.

Quality control was provided by the principal contractor, Ohbayashi
Corporation. The contractor was required to establish and maintain an
effective quality control system consisting of plans, procedures, and
organization to insure the contract requirements in materials, equipment,
workmanship, fabrication, and construction operations. A quality control
system manager (Mr. Lindy White) from within the contractor's organization was
required to be at the worksite with responsibility for regulating all quality
control matters. A fully qualified staff was required under the system
manager with necessary experience and technical training to perform all
quality control activities. Records and tests of the contractor's quality
control throughout the construction operations were furnished to the
Government, as directed by the Contracting Officer. The entire work was
subject to inspection and testing by the Government as quality assurance prior
to acceptance.

Ohbayashi Corporation's contract supervision was provided by Mr. Kaname
Tonoda, General Manager in the San Francisco Office, Mr Carl Linden, on-site
Project Sponsor, and Mr. Paul Zick, on-site Project Manager.

The Government's contract administration and quality assurance was provided
under Col. William D Brown, the Contracting Officer. Mr Keith M. Allen was
the Resident Engineer and Authorized Representative of the Contracting
Officer.

1-05 Disputes Review Board, The Dis'utes Review Board was an advisory body
created by mutual agreement between t. Government and Ohbayashi Corporation
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to assist in the resolution of disputes or claims arising out of the project.
The process was a voluntary, expedited and non-judicial, non-binding mediation
procedure, whereby an independent three-party Board was presented with
Government-Contractor disputes for expert evaluation, recommendations, and
possible resolution.

The Board consisted of one member selected by the Government, Mr. Ronald E.
Heuer, one member selected by Ohbayashi, Mr. P.E. Sperry, and the final
member, Mr. Robert J. Smith,, who was selected by the first two members.

The Government and the Contractor were required to mutually agree to submit a
dispute to the Disputes Review Board, and the Board's resulting recom-
mendations were non-binding to either party. If the dispute remained
unresolved after 30 days following the receipt of the Board's recommendations,
the Contractor could submit a request for a Contracting Officer's Decision
under the "Disputes" clause of the contract.

This report was prepared by the Resident Geologist, Mr. Roy Crutchfield,
during construction of the subject tunnel. The Resident Engineer was Mr.
Keith Allen who succeeded Mr. Bob Wortham in November 1988. The Chief of
Construction Division was Mr. Shigeru Fujiwara. The Fort Worth District
Engineer was Colonel John Schaufelberger succeeded by Colonel William Brown in
September 1989.

Consultation and support in preparation of the report was provided by the Fort
Worth District Geotechnical Branch, Engineering Division. Mr. Mel Green was
Chief of Geotechnical Branch, Mr. Bob Behm was Chief of Engineering Geology
Section, and Mr. Harlan Karbs was Chief of the Soils Design Section.

1-06. References.

a. Design Summary Report with Appendices A and B, San Antonio River
and San Pedro Creek Tunnels, Phase II -Tunnels and Shafts, Solicitation No.
DACW63-87-B-0085, dated May 1987.

b. Design Memorandum No. 5, Part II1, Supplement I, Construction Unit
7-3-1, dated November 1985.

c. Geologic Atlas of Texas, San Antonio Sheet, Project Director Virgil
E. Barnes, Univ of Texas at Austin, Bureau of Economic Geology, 1983 revised
edition.

d. A Revision of Taylor Nomenclature, Upper Cretaceous, Central Texas
by Keith Young, Bureau of Economic Geology, Geological Circular 65-3, dated
May 1965

e. Ground-Water Geology of Bexar County, Texas by Ted Arnow,
Geological Survey Water-Supply Paper 1588, dated 1963.

f. Geologic Map of Bexar County, Texas by A N. Sayre, dated 1932-33
(with modifications by Lang, Brown, Mitchell,, and Arnow dated 1959).
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g. The Geology of Texcas, Volume I, Stratigraphy by Sellards, Adkins,
and Plummer. The University of Texas Bulletin No. 3232, dated August 1932.

4



PART II

FOUNDATION EXPLORATIONS

2-01. Investigation Prior to Construction. Subsurface investigations prior
to tunneling consisted of 25 borings drilled in five phases as the channel
improvement plan for this reach of San Pedro Creek developed. The borings
ranged from 23-foot deep auger holes to 180-foot deep core holes,
and provided 3,085.9 linear feet of drilling exploration. Overburden was
usually drilled with 6 to 8-inch augers except when undisturbed samples were
taken with 6-inch Denison Barrel or 4-inch Shelby Tube. The primary fox:iation
was drilled with fishtail bits or 4 to 6-inch core bprreli. All of the
borings were drilled under supervision of the Corps of Engineers' Fort Wortn
District Office with either a Corps drill rig and crew or by contract driller
with a Corps geologist. All on-site material evaluation, logging, and
photographing was performed by a Corps geologist. Electric logs including
resistivity, gamma, and caliper were obtained on the deeper borings, however,
due to malfunctions of the resistivity equipment, the gamma logs proved most
reliable and consistent for strata correlations.

The first five borings were drilled along the tunnel alignment in June 1975
and May 1981 as shallow investigations for flood capacity improvements planned
for the San Pedro Creek channel. This plan was replaced by the tunnel
project, but the borings provided relevant near-surface information. These
first five borings were 8A-223, 6DC-235, 6DC-236, 6DC-237, and 6DC-238 which
extended to respective depths of 23.0, 55 3, 52.0, 48.0,, and 51.5 feet

In March and May of 1984, the first tunnel alignment, which was a straight
course between the present inlet and a planned outlet near Durango Street, was
explored with six borings. Boring 6DC-279 at the inlet and Boring 6DC-287 at
the outlet obtained undisturbed samples through the overburden with a 6-
inch Denison Barrel and took 6-inch continuous core samples through the
primary formation. The remaining four borings, 6A4C-280,. 6A4C-281, 6A4C-282,
and 6A4C-285, were core sampled only below elevation 540, generally from 20
feet above the tunnel crown to 20 feet below the invert. The material above
elevation 540 was drilled with rockbits in primary strata and predominantly
with augers in overburden. The only exception to this procedure was that
Boring 6A4C-285 was drilled with a fishtail bit in the bottom 10 feet

The initial straight alignment was abandoned in mid 1984 in favor of a shorter
version of the current alignment which underlies the curved meander of San
Pedro Creek The maximum separation of the two alignments was only about 750
feet; therefore, it was decided that the new alignment could be evaluated
through electric log correlations between fishtail borings rather than
obtaining additional core samples. Consequently, Borings 3F-283, 3F-284,
3F-295, AND 3F-296 were drilled with 8 and 10-inch augers to a depth of about
40 feet followed by 5 7/B-inch fishtail bits to total depths of 180
feet, approximately 20-feet below invert elevation. One additional core
boring, 6A4C-286, was drilled about midway along the new alignment. It was
augured to a depth of 51.5 feet and then cored with a 5 1/2-inch core barrel

L5



to a depth of 180 feet. All five of these borings were drilled in
August and September 1984.

:n 1985, the tunnel alignment was extended 1,718 feet downstream to obtain an
outlet site which could provide a larger staging area for construction. This
was the present outlet site which is just north of Guadalupe Street and
adjacent to San Pedro Creek. Therefore, the final aligaent was established.
and four borings were added in 1985 and 1986 to complete design investigations
for the tunnel and shafts. Boring 6DC-302 was drilled at the final outlet
shaft location. Overburden for 6DC-302 was augured in the upper 4.5 feet.
drilled with 6-inch Denison Barrel from 4.5 feet to 22.5 feet. and augured
again from 22.5 feet to just within weathered primary material at the 31.5
depth. The primary formation was then cored uith a 6-inch barrel to a depth
of 180 feet. Boring 6A4C-303, located midvay on the alignment extension, was
augured to 23.0 feet and cored with a 4-inch barrel to 180 feet. Boring
6A4C-304, at Nueva Street, was augured to 40.5 feet, fishtailed from 40.5 to
100.0 feet and cored with 5 1/2-inch barrel to the total depth of 165.0 feet.
Boring 6A4C-305, at Martin Street, was augured to 40.8 feet, followed by
rockbit to a depth of 100 feet, and then 4-inch cored to 165.0 feet.

Finally, five additional borings were drilled at the inlet and outlet sites in
April 1986. These were shallow investigations primarily for design of the
inlet and outlet -surface structures. The borings were 6D4C-306, 6D4C-307,
6D4C-308, 4S4C-314, and 4S4C-315 which had respective depths of 31.0, 28.0,
33.0, 54.5, and 49.0 feet. (Note: Letter designations in boring numbers
represent method of drilling and sampling as follows: A - auger, C - core
barrel, D - Denison Barrel, F - fishtail bit, S - Shelby Tube. Numbers
preceding these letters indicate the diameter of boring. Logs of design
borings are in Appendix F.)

2-02. Investigations During Construction. There was no exploratory drilling
during construction, although some additional core sampling was required as
part of the geotechnical instrumentation program.

Core samples were taken in Borings X-1 and X-2. These borings were drilled
for the installation of vertical 6-position extensometers above the tunnel at
Stations 143+75 and 158+47 respectively. Core from both borings confirmed
that the primary formation at those stations was massive, unfractured,
calcareous clay shale. Boring X-1 was augured 12 feet into unweathered shale
to a depth of 48 feet, and then NX size (2.155 inches dia ) core was taken to
the total depth (logs in Appendix G) NX core samples were also taken in 7
borescope observation holes drilled in the tunnel walls at each of the
following stations: 143+63, 143+71, 143+79, 143+87, 143+95, 158+39, 158+47,
and 158+55. This was a total of 56 borings drilled to an approximate depth of
8 feet. Each group of 7 borings had a 45 degree spacing around the tunnel
circumference, starting at 45 degrees from the invert tenterline; no boring
was drilled in the invert. The material was massive, calcareous clay shale
with occasional fracturing, due primarily to stress relief around the tunnel
excavation.
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I
PRT III

GEDLOGY

3-01. Regional Geology

a. Pfrsgjiaby. The San Pedro Creek Tunnel is located where the
-ortheast trending alcones fault zone forms the boundary between two
pbysiograp ic provinces, the Edwards Plateau to the northvest and the Gulf
Coastal Plain to the southeast. The Edwards Plateau is located on the
upthrown side of the fault zone with an altitude ranging from about 1,100 to
2,300 feet. It is a rugged and hilly upland dissected by the headwaters of
numerous streams. Limestone. which dips slightly to the southeast, has
provided the resistant erosional surface of the plateau and caps the remnant
hills. Between elevations 1,100 and 600 feet, the Balcones fault zone forms
an abrupt transition from the hill country in the northwest to the rolling
plains in the southeast. The zone is marked by fault escarpments in places,
but lacks topographic expression where formations on both sides of the faults
are equally resistant to erosion, such as along the tunnel alignment. The
fault blocks are composed predominantly of limestone and shale beds which dip
gently southeastward. The Gulf Coastal Plain lies below elevation 600 on the
downthrown side of the fault zone. It is a rolling prairie underlain largely
by beds of clay and poorly consolidated sand. The regional dip is greater in
this province, continuing southeastward toward the Gulf of Mexico.

b. Stratigraphy. The regional stratigraphy consists of Recent to
Pliocene aged alluvial deposits underlain by sedimentary formations of the
Tertiary to Cretaceous Periods. The alluvial deposits consist of various
combinations of gravel, sand, silt, and clay with occasional cobbles and
boulders in places. They are predominantly fluviatile floodplain and terrace
deposits of which the oldest two have been formally named, the Leona Formation
(lower Pleistocene) and the Uvalde Gravel (Pliocene). The underlying Tertiary
formatious are of the Eocene and Paleocene time epochs. These consist of
clay, lignite, sand, and sandstone of the Claiborne, Wilcox, and Midway
Groups. Cretaceous formations are contained in the Navarro and Taylor Groups
of the Gulf Series and consist mostly of shale, clay shale or claystone,
limestone, and sandstone. The Taylor is discussed more fully in succeeding
paragraphs as it relates to the project geology.

c. Structure. The regional structure may be divided into three
distinctive areas: The nearly flat and relatively undisturbed beds of the
Edwards Plateau; the gently dipping but faulted and folded beds of the
Balcones-Luling fault zones; and the southeast dipping monocline of the Gulf
Coastal Plain. The rock formations strike east-northeast and dip
south-southeast throughout the region. The average formation dip in the
Edwards Plateau ranges from 10 to 15 feet per mile, but it increases to 150
feet per mile in the coastal monocline. Between these two areas, the
formations dip gently, but are faulted downward about 3,000 feet in a distance
of about 22 miles.
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Regionally, there are two major fault zones, the Balcones fault zone and the
Luling fault zone. The Balcones system contains all of the faults within and
north of San Antonio, and is separated by a large graben from the. Luling
system about 25 miles to the east-southeast. (The Hexia fault zone forms the
east side of a similar graben to the north in central Texas.) Both fault
zones were apparently part of the same tectonic system which was active during
the mid to late Tertiary Period. Normal or gravity faults are predominant in
both zones, but the Balcones faults are usually downthrown to the east or
southeast and the Luling faults are usually downthrown to the west or
northwest. Major faults of both zones trend east-northeastward, roughly
parallel to the formation strikes. The almost straight traces of these faults
suggest nearly vertical fault planes. Shatter zones are common with numerous
small step faults occurring within a narrow area. However, large faults also
occur and several are known to have displacements in excess of 100 feet. The
Balcones faults have the greatest displacements; a fault northwest of San
Antonio, near Helotes, has the largest known throw of about 600 feet, and
another fault in south San Antonio has a throw of more than 550 feet.

Although faulting is the more prominent structural feature of the region, the
faults generally have decreasing displacements toward the ends of their trace,
and in places diminish into folds, especially in the softer strata. A major
asymmetrical fold, the Culebra Anticline, plunges southwestward several miles
west of the tunnel project. It has a core of Austin Chalk and is flanked by
mostly Taylor Pad Navarro formations. Both flanks of the anticline are
terminated by faults of the Balcones system.

3-02. Geology of the Tunnel Alignment.

a. Overburden. Overburden along the tunnel alignment consists of
fluviatile low terrace deposits, residual clay, and occasional man-made
backfill or construction surfacing. The fluviatile deposits are for the most
part clay, clayey gravel, and gravelly clay with lesser amounts of silt and
sand. Lower gravel beds are largely composed of calcareous concretions formed
around chert or limestone pebbles; these are rounded to subrounded, whitish
concretions usually ranging from 1 to 2 inches in diameter, although sometimes
as large as 3 inches. A water bearing gravelly clay to clayey gravel is often
the basal stratum of the overburden, except where the primary formation is
directly overlain by residual clay. The residual clay is tan to buff with
gray streaking and mottling, soft,, and of medium to high plasticity. It is
similar to the underlying weathered clay shale except that it lacks distinct
bedding structure an induration. In places, isolated pebbles within the clay
suggest possible re-working with the overlying alluvium. Being within a city,
the natural overburden is frequently overlain by man-made deposits such as
concrete, asphalt, and random soil fill, including minor amounts of
construction rubble and other refuse

The overburden blanket, or regolith, along the tunnel alignment varies
typically in thickness and character Overall thickness increases downstream
along the tunnel alignment from 1 0 foot at the inlet shaft to 27 feet at the
outlet shaft. Individual strata range in thickness from about 1 to 10 feet
Although the fluviatile deposits are relatively well sorted from the finer
grained deposits near the surface to the coarser gravel deposits at depth, the
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gravel beds generally display a good gradation in the engineering sense that
various grain sizes are distributed throughout. Cobbles are present f places.
but never numerous. Clayey gravel often grades into gravelly clay. The clay
may be either fluviatile or residual. Both types of clay may range from lean
to fat in plasticity and are variably calcareous. The fluviatile clay may
contain gravel, particularly toward the base of the stratum.

b. Primary Formation. The Taylor Formation/Group is the primary and
only rock formation encountered throughout the San Pedro Creek Tunnel
excavations. Geologic literature often refers to the Taylor as a
stratigraphic group containing several formations. Although the formations
vary from place to place in composition and name, the Taylor may be generally
divided into three stratigraphic units:. the Upper Taylor Marl (also called the
Harlbrook Marl or Bergstrom Formation), the Pecan Gap Formation, and the Lower
Taylor Marl (also called the Sprinkle Formation). Keith Young, Hay 1965, in
referring to these three formations classifies the lithic sequence as:
claystone, chalk or marly limestone, and claystone," thereby substituting
claystone for the old marl terminology used by Sellards, et al., August 1932.
Since "marl" is an old and loosely applied term for unconsolidated or little
indurated materials containing 35 to 65% clay and 35 to 65% carbonate
(American Geological Institute's Glossary of Geology, 1974), it can apply to
the Taylor in composition only. As a geologically consolidated mass of
predominantly clay and carbonate minerals, the Taylor is more aptly classified
as a calcareous clay shale where fissile, a calcareous claystone where lacking
fine lamination, and possibly a marlstone where highly calcareous. Although
the Taylor Formation encountered in the tunnel excavations consists of
variations and subtle transitions through all three of these similar rock
types, we have for simplicity chosen calcareous clay shale as the general
project classification of the Taylor rock.

Locally, the Taylor is treated as a formation rather than a group, since only
the upper stratigraphic unit is present. However, the formation contains
interbedded calcareous or limy layers which may be used as stratigraphic
marker beds in electric log correlations. These marker beds have been
designated M-1 through M-5, from youngest to oldest. The fifth marker bed,,
M-5, represents all of the formation below a distinctive 2± foot thick
greensand or glauconitic zone. Due to the formation dip to the southeast and
the vertical displacement of faulting, the tunnel crosses througn four
stratigraphic marker beds from the M-1 at the outlet to the M-4 at the inlet,
thereby progressing upstream from younger to older beds. This was significant
to the tunnel and shaft excavations. Upstream, the formation becomes more
limy as it forms a gradational transition toward the underlying Anacacho
Limestone and Austin Chalk. X-ray diffraction tests reveal that the
stratigraphically lower and older beds tend to be two to three times more
limy. The ratio of clay to calcium carbonate is inversely proportional in
this material. Thus, the M-1 and M-2 materials are more clayey and
lithologically weaker, the M-3 through M-5 materials are typically more limy,
better cemented, and more geologically consolidated to give a denser and
stronger rock

Although there is only one rock formation encountered by the tunnel
construction, its material characteristics are both variable and distinctive.
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A rudimentary visual observation can roughly ascertain the variable clay and
carbonate (lime) lithology. The darker gray, unctuous, soft to moderately
soft material is higher in clay content; the lighter gray, earthy, moderately
soft to hard material is higher in calcium carbonate. More exactly, X-ray
diffraction indicates that the rock consists of 30 to 45% clay, 15 to 50%
carbonates, 10 to 30* quartz, and a trace to 15% of feldspar. The more
prevalent of the clay minerals is the expansive montmorillonite with lesser
amounts of non-expansive illite and kaolinite, although this is not everywhere
the case. Pyrite crystals occur in places, as does calcite and gypsum; the
latter two usually form healing minerals along occasional fractures. Marine
fossils appear scattered throughout, though more abundant in certain zones.
The flat, spirally twisted pelecypod (oyster) "Exogyra" is common. Black
carbonaceous specks are found occasionally, and a 0.1-foot thick lense of
lignite was encountered at the 99-foot depth during an extensometer
installation at Station 158+47. Other than the typical shaly odor, the
material often emits a petroleum odor suggesting the possible presence of
hydrocarbons and odorless gases. However, the tunnel excavation was
continually monitored for explosive hydrocarbon gases and none were detected.

c. Geologic Structure, The Taylor Formation along San Pedro Creek

Tunnel consists of about 230 feet of massive and generally undisturbed strata.
Boring investigations had nearly 100% core recovery with RQD also approaching
100%. Construction mapping denoted occasional widely scattered fractures and
low angle joints, b, these are random breaks that hardly disrupt the massive
character of the formation. The apparent dips of the joints and fractures is
often 1 degree or less with a maximum of 10 degrees; their direction of dip
ranges from southeast to northeast. The stratigraphic inclination varies
along the alignment from 0 to 2 degrees, with the predominant dip to the
southeast. Some stress relief fracturing occurred around the excavation
openings, and occasional block fallouts were noted during the construction of
the outlet shaft transition and the downstream tunnel section However, the
massive character of the formation undoubtedly limited the stress relief
effect.

Though the tunnel was excavated in massive rock, the formation is not without
structural attributes of the Balcones fault zone. Features of the fault zone
are evident in mid-alignment where a high angle fault crosses the apparent
flank of a fold dipping to the south-southeast. With respect to the tunnel
alignment alone, the fold appears as a faulted monocline. However, with a
broader view of the local structure, it could well be that drag flexures were
developed on each side of the fault. The strata is essentially horizontal in
the upstream third of the tunnel; the mid-tunnel strata dip at 1 to 2 degrees
south-southeast;, and the beds in the downstream third level out before turning
upward to a northerly dip of 7 feet per mile at the outlet It is this slight
reversal in the direction of dip that suggests adjoining flexures resultant
froit local fault block movements. These flexures may be viewed as upward drag
on the downthrown fault block and downward drag on the upthrown fault block.

Extensive geologic investigations for both tunnel alignments on this project
have updated and enhanced the depiction of the stratigraphic and structural
geology of central San Antonio. Rather than the one fault which was formerly
mapped through the downtown area, this project has revealed four faults
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trending east-northeast across the central city between Brackenridge Park to
the north and Roosevelt Park to the south. Rather than a fault contact
between the Taylor and Navarro Formations (Groups) being near the Paseo del
Rio, it is actually just r -th of Brackenridge School by about 500 feet. This
more complete view of the zal geology lends reason to the development of
drag flexures along the tunnel alignment rather than monoclinal folding.

The complete relation of the local structure to the San Pedro Creek Tunnel is
made more apparent by projecting estward the faults which cross the San
Antonio River Tunnel. If these faults are projected westward, a
down-to-the-south fault crosses the tunnel in mid-alignment, and another
down-to-the-north fault passes south of the outlet. This broader view ot the
tunnel geology reveals a horst and graben structure with the northern
alignment in an upthrown horst block and the southern alignment in a
downthrown graben block. Therefore, the upward turning of the strata at the
outlet could indicate a slight synclinal flexure in the downstream graben with
an adjoining anticlinal flexure in the upstream horst. The slight dip in the

otherwise horizontal beds would indicate drag relative to the movement of
these fault blocks.

The geologic structure displayed along the tunnel alignment, though
characteristic of the Balcones fault zone, does little to disrupt the massive
character of the Tock formation. The folding is but minor warping of
essentially horizontal strata. The mid-alignment fault at Station 171+50 has
32 feet of displacement, but has caused little disturbance to the surrounding
rock. In fact, the only evidence that the fault was crossed by the TBM was
that the muck changed from soft, dark gray, clayey, M-l and M-2 material to
the harder, light gray, limy muck of the M-3 strata. However, though the
faulting and folding along the alignment is relatively unimposing, they are

both significant in that they place four of the five identified stratigraphic
marker beds within the limits of the tunnel excavation.

d. Formation Weathering. The predominantly tan coloring of weathered
Taylor Formation contrasts sharply with the darker, gray unweathered clay
shale. The tan coloration is mottled and streaked with gray generally
throughout the weathered zone, and rusty stains of oxidized iron occur along
some joints and fractures. Though the unweathered formation is massive with
few structural breaks, joints and fractures are not uncommon in the weathered
zone. It is noteworthy that since there is little water migration through the
fractured areas, the top of the weathered zone may be considered the contact
between the Taylor aquiclude and the overlying alluvial aquifer. The
weathering usually extends through the upper 15 to 20 feet of the formation
with an average thickness along the tunnel alignment of 18.5 feet The

contact with unweathered formation is generally at 30 to 40 feet below ground

surface or at an average depth of 34.5 feet. The weathered material is soft,
has medium to often high plasticity, is damp in places, and contains scattered
fossils. It is distinguishable from the occasional residual clay deposits by

slight induration and distinct bedding structure. Due to this induration and
bedding structure the material tends to break in blocky chunks when excavated

e. Ground Water. The Taylor Formation is an impermeable clay-based

rock which forms an aquiclude prohibiting the migration of ground water from
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both above and below the formation. Ground water in the overlying alluvium is
prevented from moving downward, and ground water in the underlying limestones
is confined under artesian pressure. The Taylor is a massive tight aquiclude,
although there are occasional structural breaks. Where breakage does occur it
is u.ually tight, closed by intrinsic expansive clays, or healed by mineral
precipitation. Thus, the impermeable character of the rock is not
significantly altered by fractures, joints, or faults. The tunnel excavation
was entirely in dry rock with no seepage along structural breaks.

The shaft excavations were also in dry material for the most part. The San
Pedro Creek Inlet Shaft was started in unweathered Taylor Formation after the
approach channel construction of a previous contract had removed the alluvial
overburden and weathered rock; therefore, the inlet shaft was excavated in
entirely dry rock. Concrete soldier piers or steel casing was used to seal
off any ground water in the alluvial overburden at each of the drilled shafts.
The excavation of the San Pedro Creek Outlet Shaft encountered ground water
inflow at 200 gpm at the 19-foot depth. Ground water inflow began at the top
of a sand stratum that underlay a gravelly clay. The inflow continued at
about 200 gpm through 2 to 2.5 feet of the sand and 5 feet of underlying sandy
to clayey gravel to the top of the weathered Taylor Formation. This water was
removed with sump pumps, and the rest of the excavation was dry.

The main ground-water concern for the tunnel was that the TBM might excavate
through an abandoned and unplugged artesian well. The major water source for
the region is the Edwards Aquifer, from which the city has a multitude of
wells. Occasionally, unknown abandoned wells are found, and there are no
assurances that these old well were plugged as required by current
regulations. The Edwards lies confined with an artesian pressure beneath the
Taylor and other impermeable strata at a depth of about 690 feet, or 550 feet
below the tunnel. It has been estimated that an unplugged well from within
this aquifer could release as much Li 5000 gpm of water into the tunnel at a
pressure of 70 psi. As it turned out, an abandoned well was indeed
intersected by the tunnel excavation,, but it proved to be more of a nuisance
than a major problem.

The aoandoned well was encountered by the TBM at about 2400 hours on May 16,
1989 at Station 178+49, the location of liner ring number 898. The well had
apparently been plugged to some extent when abandoned, but it was producing
water at a steady 2 gpm, which proved difficult for the contractor to stop.
Probing of the inner casing was obstructed at the 24-foot depth by what was
probably a remnant of the old plug. Tne well consisted of a 4-inch diameter
inner casing, a 6-inch diameter outer casing, and an 8-inch diameter borehole
located 2 feet east of the tunnel center line. The contractor's well plugging
events were as follows:.

May 17, 1989 -- A professional well driller from T C. Johnson Drilling
Company (Well Digger Licenqe No. 857) was hired by the contractor to
plug the well. First a steel cap with a grouting pipe was welded on top
of the inner casing, and then grouting began under the direction of the
well driller. After pumping 3 cubic feet of 1.1 grout kwater/cement by
volume) through the steel cap, grout began flowing between the inner and
outer casings. After 6 more cubic feet of 1:1 grout was pumped, grout
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leakage developed through cracks in the rock within a 2.5-foot radius of
the well. The well driller declared the well plugged after a total of412 cubic feet of 1:1 grout had been pumped at pressures reaching as high
as 150 psi. However, clear water continued to flow out of cracks in the
surrounding rock. The contractor allowed the grout to set-up for a
couple of hours and then resumed tunneling.

May 18, 1989 -- The well was obviously not plugged since about 2 gpm of
water was still flowing into the heading invert from beneath the liner
segments. Two holes were drilled through liner ring number 898 to reach
the well.

The contractor attempted to plug the well in a fashion similar to the
previous attempt. The grouting was stopped after 13.5 cubic feet of 1.1
mix was pumped. It was noted that grout was being forced out between
the liner segments.

May 19, 1989 -- Water continued to flow into the heading invert.
However, the well was by this time beyond reach or observation since it
was beneath the TBM trailing gear.

May to September, 1989 -- The holes through liner ring number 898 were
backfilled with pea gravel and left open for observation of the well
flow. The flow rate continued through this period at about 2 gpm.

September 28 to October 16, 1989 -- A 5.5-foot long by 3-foot wide by
3-foot deep rectangular hole was excavated around the well The water
flow continued at about 2 gpm from the annular space between the outer
casing and the borehole

October 16, 1989 -- Once again the contractor attempted to plug the
well No water was actually flowing out of the well casing which could
only be probed to a depth of 15 feet; this was 9 feet higher than the
original probe on May 17, and indicated that previous groutings had
sealed off the well casings. Since the water was only flowing out of
the outer annular space, the upper well casings were backfilled with 1 1
grout. A grout pipe and a flow pressure relief hose were fixed into the
annular space; the grout pipe extended 6 feet below the top of the
casing, and the pressure relief hose went about 2 feet into the annular
space. An unknown amount of 8:1 to 1.1 grout was pumped into the
annular space at 10 psi for about 2.5 hours. Grout leaks persisted in
cracks in the surrounding rock, even though saw dust was used as lost
circulation material and plugs were driven into leak holes It was
finally decided to let the grout set-up overnight.

October 17, 1989 -- The well's outer annular spice continued to leak at
I to 2 gpm. Grouting was reinitiated in the annular grout pipe, ,ut was
shortly stopped in favor of pouring a heavy grout cap over the well. The
5.5-foot by 3-foot hole surrounding the well was filled with heavy grout
with grout pipes pJaced at previous leak locations for future grouting
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October 18, 1989 -- The grout cap had set-up overnight, but had water
leaks in a few places. Grouting resumed through the pipes installed in.,
the grout cap. There was a total of 42 cubic feet of 1:1 mix pumped at
93 psi. Some water was noted at joints in the upstream liner segments.

October to December, 1989 -- The grout cap over the well was observed
for renewed seepage during this period. The cap became completely dry,
and the well was considered plugged.

November 30 and December 1, 1989 -- The upper foot of the grout cap was
saw cut and removed. This hole was then backfilled with 6000 psi
concrete.

f. Seismicity. The San Antonio area, as most of southern Texas, is in
a Seismic Probability Zone 0. This zero zone extends north-south from Dallas
to Brownsville and east-west from Beaumont to Del Rio. No earthquake damage
has ever been experienced within this zone, nor should any be anticipated in
the future. There are no distant threats from earthquakes beyond this zone.
Therefore, the tunnel project has no seismic risks.

g. Engineering Characteristics of Overburden. The predominant
component of the overburden is medium to high plasticity clay though silt,
sand, and gravel also occur. The gravel deposits are often clayey to a
variable extent ranging from clayey gravel to gravelly clay. Silt and sand
layers are also slightly clayey in places. Though the overburden consists of
various gradations from fine to coarse materials, it was possible through
thorough investigations to develop one set of overburden design parameters for
all of the shaft and surface structures. These parameters are as follows:

1 Moist Unit Weight (ym) - 125 pcf
2. Saturated Unit Weight (ysat) - 130 pcf
3. Shear Strength Assumptions:

a. Cohesion (c') - 0.1 tsf
b. Angle of Inner Friction (e') - 200

4. Allowable Bearing Capacity (qall) - 2.0 tsf
5. Earth Pressure Coefficients:,

a. Ka (active) - 0.5
b. Ko (at rest) - 0.7
c. Kp (passive) - 2.0

6. Modulus of Subgrade Reaction
or Spring Constant (Ks) - 75 pci

h. Engineerin' Characteristics of Primarv Formation. The
characterictic of the primary formation which caused the greatest design
concern was its capability of exerting relatively large swell pressures on
tunnel and shaft linings due to its montmorillinite content. Although the
swelling pressure is very low in some of the material and is usually less than
5 tsf, it is known to be as high as 15 tsf in places. Therefore, geotechnical
consultants were engaged as advisors during the tunnel and shaft design The
swell pressure characteristics and the recommendations of the consultants are
discussed in Part IV, Special Design Considerations, Paragraph 4-02

14



Other engineering characteristics were determined for selected undisturbed
j- samples along the tunnel alignment. In Atterberg tests, the average liquid

limit was 50 with a high of 75 and a low of 34; the average plastic limit was
17 with a high of 19 and a low of 14;.the plasticity index averaged 33 with a
high-of 56 and a low of 20. The moisture content ranged from 6% to 15.8% with
an average of 10.5%. Specific gravity was about 2.70. Dry density ranged
from 116 pcf to 140 pcf with an average of 129 pcf. Unconfined compressive
strengths near the tunnel depth varied from 25.6 tsf to 132.8 tsf, averaging
71.4 tsf. The soil modulus near tunnel depth ranged from 2.2 X 104 psi to
19.8 X 104 psi, with an average of 9.1 X 104 psi.

A set of design parameters were developed for both the weathered and
unweathered primary formation, noting characteristic changes with depth.
These parameters are as follows:

Weathered Shale (undisturbed)

1. Moist Unit Weight (ym) - 125 pcf
2. Saturated Unit Weight (ysat) - 130 pcf
3. Shear Strength Assumptions:

a. Cohesion (c') - 0.1 tsf
b. Angle of Inner Friction (o') - 250

4. Allowable Bearing Capacity (qall) - 3.0 tsf
5. Earth Pressure Coefficients:

a. Ka (active) - 0.4

b. Ko (at rest) - 0.9
c. Kp (passive) - 2.5

6. Modulus of Subgrade Reaction or Spring Constant (Ks) - 250 pci

Unweathered Shale (undisturbed)

1. Moist Unit Weight (ym) - 135 pcf
2. Saturated Unit Weight (ysat) - 140 pcf
3. Shear Strength Assumptions:

a. Cohesion (c') - 0.1 tsf to 0.5 tsf @ tunnel depth
b. Angle of Inner Friction (o') - 350 to 450 @ tunnel depth

4. Allowable Bearing Capacity (qall) - 6.0 tsf

(Note: The allowable bearing capacity for the unweathered
shale actually exceeds 6.0 tsf at tunnel depth, but
with no effect on structural design.)
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PART IV

SPECIAL DESIGN CONSIDERATIONS

4-01. Construction Method. The tunnel concept for flood diversion beneath
the city was adopted rather than surface channel modifications to avoid
construction impacts to the downtown area. Significant costs and liabilities
would ensue from surface construction along the drainage channel due to
limited access, potential damage to structures, bridge replacements, traffic
congestion, business restrictions, and other city related problems. However,
though convenient from a construction standpoint, the tunnel method along San
Pedro Creek was necessarily incorporated with the flood control tunnel planned
for the downtown reaches of the San Antonio River. Because of the high cost
of a tunnel boring machine (TBM) and initial mobilization expenses, the cost
per foot of tunnel is substantially decreased as the length of tunneling
increases. The 5,985-foot long San Pedro Creek Tunnel would hardly have been
cost effective without the additional 16,200-foot length of the San Antonio
River Tunnel. Therefore without the added length of the San Antonio River
Tunnel, the San Pedro Creek project would have been restricted to surface
channel improvements, or less expedient but lower cost conventional methods of
tunneling.

A fully shielded, mechanical tunnel excavating machine was specified for the
contract which included both the San Pedro Creek Tunnel and the San Antonio
River Tunnel. The contractor was given the choice of using a full-face tunnel
boring machine (which was chosen), a boom heacer machine, or a roadheader
machine; the latter two would have been allowed only if fully shielded and
equipped with an excavation guide ring.

The contractor was also given the option of following the excavating machine
with cast-in-place concrete liner or precast concrete segmental liner,
provided that the installation of either left no ground unsupported behind the
shield. The precast segmental liner was the selected method, providing both
initial and final support. The contractor was also given the flexibility to
design the liner erection and support method, although the contract plans
presented a method using longitudinal needle beams and steel ribs. The method
of liner erection was specified to provide "positive structural support" to
prevent deviation from circularity of the segmental rings and to prevent
settlement of the rings into the invert void as the segments left the back of
the tail shield. The contractor's designed method was to set invert segments
on a bed of pea gravel, use interlocking dowels between segment rings, support
segments at springline with wood blocking, and finally blow pea gravel around
the entire ring to provide positive structural support. The lower portion of

the tail shield behind the grippers was removed to facilitate this operation.

The specified shaft excavations also allowed the contractor flexibility in
selecting a preferred method of construction. The inlet, outlet, and
maintenance shafts could be excavated by mechanical ripping, controlled
blasting, or a combination of these techniques. Actually, the maintenance
shaft was excavated by rotary drilling, and no blasting was used on any
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portion of the San Pedro Creek project. The small diameter shafts for
ventilation and hydraulic instrumentation were specified for drilling with the
option of proceeding downward from the surface or upward from the tunnel
(raise drilling). These were drilled downward from the ground surface.

4-02. Swell Pressures. The swelling potential of the primary formation was a
major design consideration, especially in the determination of strength
requirements for the tunnel and shaft liners. Laboratory testing during
design investigations indicated that the material was capable of exerting
expansion pressures considerably larger than the overburden pressure. Swell
pressures of as much as 12.8 tsf were recorded with a maximum overburden
pressure of 8.8 tsf at a depth of 135.3 feet. However, it was questionable as
to whether the tunnel and shaft liners would actually have to withstand field
pressures as great as those indicated by the laboratory constrained testing.
In support of this questioning was previous swell testing by Dr. Tor Brekke on
Taylor material from the Austin Crosstown Wastewater Interceptor. Dr.
Brekke's tests had shown that permitting the material to experience a volume
increase of 2 % reduced the swelling pressures by roughly 50%. On the other
hand, the montmorillonite content of the Taylor in Austin varied somewhat from
that of the Taylor in San Antonio tunnels. Therefore Dr. Ralph Peck was
engaged by the government as a consultant in resolving these questions and
other geotechnical issues throughout the tunnels project.

At the recommendation of Dr. Peck, Dr. G. Mesr of the University of Illinois
was enlisted to do further testing and evaluation of the Taylor swell
properties from samples taken along the tunnel alignments. Based on the
previous design tests, field observations, and Dr. Me~ri's tests, both
consultants recommended that the tunnel and shaft liners should be designed to
withstand swell pressures of 5 tsf.

The reasoning of the consultants was that the potentially high expansion
pressures indicated by laboratory testing would be largely dissipated as the
swelling material expanded into space provided by stress relief fissures that
inevitably develop around underground excavations. In Dr. Peck's words,
"...the stress rclease associated with excavating the tunnel of 20-feet (26.9
feet) diameter would undoubtedly be sufficient to cause the opening of
fissures around the tunnel to an extent that the ultimate swelling pressures
would be reduced to the design value (5 tsf). These fissures would be
developed by the time the tailpiece of the shield would expose the shale."
Likewise, Dr. Mesr concluded that laboratory pressures would not develop in
reality against the tunnel liner because the magnitude of shale rebound after
excavation would open fissures around the tunnel periphery. He also expected
swell pressure dissipation due to expansion into the tunnel's annular space
about the lining, due to flexibility of the lining itself, and due to partial
swelling of the material before the lining could be installed Dr. Mesri's
tests produced swelling pressures ranging from 0.2 tsf to as high as 15 tsf,
although more than 2/3 of the results were less than 5 tsf. (This broad range
is indicative of the variable montmorillonite content throughout the
formation.) However, similar to Dr. Brekke's findings, he found that to allow
additional swelling in a laboratory specimen above the initial void ratio,
corresponding to 0.35% axial strain, reduced the swelling pressure from 8 tsf
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to 4.5 tsf. Therefore, it was concluded that the inherent field conditions in
tunneling would reduce the actual swell pressures on the lining.

Although Dr. Mesri estimates from calculations of the time-rate of swelling
that the total design piessure will require decades to develop, experience
within the San Antonio area suggests that a substantial amount of the swelling
can be expected within 5 years. Based on local experience, it is anticipated
that most of the 5 tsf may be realized upon the tunnel and shaft liners within
5 to 10 years after construction. Expansion is usually negligible beyond 12
to 15 years after the moisture environment is changed.

4-03. Heave Potential. Another design consideration was vertical uplift or
heave due to differential expansion of the material surrounding the shafts.
Since the percentage of expansive montmorillonite varies within the primary
formation, the amount of swelling can vary throughout the shafts. Also,
moisture variations can affect the rate of swelling from place to place.
Particularly, the upper weathered formation is likely to swell more rapidly
than the unweathered material at lower depths Therefore, to deal with
possible vertical displacements or tensile forces developed by these
conditions, the designers recommended that the shafts be constructed with
expansion joints, tensile steel, and/or a bond breaker between the permanent
and temporary liners.

A shaft bond breaker was specified for the Phase II tunnel contract. (An
expansion joint was included in the surface structure design to be constructed
under a later Phase III contract.) The specified bond breaker was a
geotextile material which was to be installed over the initial support.
However, a contract modification provided a substitute for the geotextile
which consisted of an asphalt fiber board,, Sealtight Dummy Joint, produced by
W.R. Meadows, Inc of Fort Worth, Texas.
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PART V

ECAVATION AND SUPPORT POEUE

5-01. G l The contract required that the San Pedro Creek Tunnel and
Shafts be completed first, although the San Antonio River Tunnel and Shafts
could be started concurrently. There was no differentiation for payment in
types of material excavated such as rock or common excavation; payment for
shaft excavation was lump sum for each shaft, and payment for tunnel
excavation and lining was by the linear foot. San Pedro Creek Tunnel and
Shafts involved payment for 5,842.86 linear feet of tunnel excavation, a like
amount of precast segmental liner, and lump sum for each of 7 shafts.

Most of the tunnel and shaft excavations closely followed the lines and grades
indicated in the plans and specifications. The specified tolerances for the
tunmel excavation allowed an alignment departure of ±12 inches, a grade
departure of ±3 inches, and a rate of return to alignment or grade not greater
than 3 inches per 100 feet. The contract required that the vertical and
horizontal tunnel alignment be controlled by laser beam instrument. Although
numerous line and grade adjustments were required in controlling the TBM,
particularly in negotiating the curve sections, the overall results were quite
accurate; the tunnel hole-through at the inlet shaft was little more than an
inch northeast of the alignment. No variations were allowed in the thickness
of the tunnel lining. The precast segmental liner was allowed a variation of
0.5% from the inside dimension, an out of roundness of ±3/4-inch in diameter,
and abrupt irregularities at segment joints not in excess of 1/4-inch. The
shaft excavations were allowed 0.5% of the depth in out-of-plumbness or 10% of
the finished inside diameter for circular shafts, whichever would be less.
Variation from the excacated diameter of circular shafts could not exceed 0 to
plus 6 inches. Shaft linings were allowed a variation in thickness of minus
2.5% or 1/4 inch, whichever was greater. The inside dimensions of shaft
linings were given a tolerance of 0.5%.

In addition to establishing the lines, grades, and dimensions for zhe tunnel
and shafts, the plans and specifications provided a guideline for implementing
the construction. However, the Contractor had the option of submitting for
approval his own design propcsals for excavation and support. W4hen approved
by the Contracting Officer, the Contractor's design and procedures became the
de facto specifications in their applicable areas of construction. Each area
of construction and the procedures used will be described in the following
paragraphs.

5-02. Excavation Equipment.

a. Shaft Excavation Equipment, Two types of equipment were used for
the shaft excavations. Mechanical ripping equipment was used in the inlet and
outlet shafts, drilling equipment was used in the maintenance, vent, and
hydraulic instrumentation shafts. In the inlet and outlet shafts the downward
vertical excavation was accomplished by backhoe, but a roadheader was used for
outward extensions of the shaft walls and for undercutting the horizontal
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transition toward the tunnel. The harder limy-layers in the inlet shaft were
broken through by using a hydraulic ran attached to a backhoe. The other five
shafts were rotary drilled with a 45 ton Northwest 5045 crane rig. The
following is a list of the actual equipment used during the shaft excavations:

Excavation and Mucking

JD 490 Backhoe TB-45 Excavator
Cat 235 Backhoe Mitsui Road Header
Cat 205 Backhoe Cat Loaders 988, 966,
Yamashi Backhoe 950, 931, 920
Mitsubishi Backhoe JD 455 Loader
Yutani Backhoe Case Bobcat Loader
Takeuchi TB-45 Cat IT-28
(with hydraulic ram) 630 Rocker (mine mucker)

Cranes

Manitowoc 4600
Northwest 5045
Manitowoc 3900
American 165 ton
Linkbelt 100 ton
P&H 90 ton
Grove 35 ton
Linkbelt 20 ton
Gallion 18 ton
Clark 15 ton

Drott Deck Crane

b. Tunnel Boring Machine (TBM) The entire tunnel was excavated with
a modified Robbins Model 243-217 tunnel boring machine. The machine had been
originally designed for hard rock tunneling, and had been previously used to
excavate the Kercknoff 2 Tunnel in the Sierra Nevadas near Fresno, California.
Ohbayashi engaged Boretec, Inc. of Solon, Ohio to renovate and modify the
machine for the soft rock tunneling in San Antonio.

The TBM was converted from an open-faced hard rock machine to a fully closed
soft rock machine with articulating shield. A new main beam was installed to
shorten the machine and to help moderate the machine weight. The front
support shoe was tripled in length to better distribute the machine weight
which increased from 380 tons in the original machine to 550 tons with the
Boretec modifications. The cutterhead was enlarged from a diameter of 24
feet-I inch to 26 feet-l inches, this gave a tunnel annular space behind the
liner of 3.5 inches. The main bearing was replaced providing an increase in
curterhead thrust capacity from 1,166 tons to 1,547 tons The side-gripper
shoes were enlarged to 56 inches by 138 inches for a better dispersing of
forces exerted on the tunnel sides. As an auxiliary propulsion system,
12 thrust cylinders were added with thruster shoes for pushing off of the
liner segments; these thrusters could also he used to hold the precast
segments during the liner erection. A ring-type segmental liner erector was
added within the back of the tail shield. The back 57 inches of the lower
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1200 section of the tail shield was cut away to allow the placement of the
invert segment on a bed of pea gravel.

Although a complete description of the TBM would be too voluminous for this
report, there are several additional features which should be noted. When
fully operational in the San Pedro Creek Tunnel, the TBM and it's trailing
gear was 274 feet long; the length from cutterhead to end of tail shield was
38 feet. The cutterhead contained 57 disc cutters of 15.5-inch diameter. The
outermost 7 discs were the gauge cutters which determined the final sizing of
the tunnel bore. The outer perimeter of the cutterhead contained 12 bucket
scoops which collected the muck and dropped it into the conveyor system within
the cutterhead support. The drive torque for the cutterhead assembly was
provided by 10 single-speed, 3-phase, AC electric motors producing 200 HP (149
KW)each. These motors rotated the cutterhead clockwise, in an upstream view,
at 5.75 RPM. The four main propulsion cylinders, hydraulic jacks, generated
horizontal thrusts at 7.5 degrees outward from the tunnel's longitudinal axis
resulting in a forward machine thrust and a side thrust on the gripper pads.
This system could generate a total thrust force of 2.64 X 106 lbs.

Two methods of TBM propulsion were provided since it was anticipated that some
of the ground would be too soft, or weak, to withstand the thrust and shear
forces exerted through the side grippers. In the stronger, stable ground the
four main propulsion cylinders could propel the machine by pushing the side
grippers against the tunnel wall. This method does not interfere with
preparations for segmental liner erection in the invert area at the back of
the tail shield. In ground too weak to withstand propulsion through the side
grippers, the machine could be propelled by 12 auxiliary jacks shoving against
the segmental liner. However, the shove jacks in this method obstruct the
working area at the back of the tail shield.

5-03. Precast Tunnel Liner, The tunnel liner, which also provided the
initial support, consisted of precast concrete segments installed within the
protective covering of the TBM tail shield. There were 6 segments in each
complete ring of liner, forming an inside diameter of 24 feet-4 inches. Each
segment was 4 feet wide by I foot thick, weighed 8800 pounds, and extended
13.78 feet along a 60 degree arc on the outside of the liner. The bottom 3
segments were id( ical in shape. The top 3 segments were skewed 7 degrees
off longitudinal .c the two upper joints to accommodate a trapezoidal "key"
segment in the crown. The segments were cast of 6000 psi reinforced concrete,
and contained two 2-inch diameter grout holes positioned 4.0-feet lengthwise
to each side of the center These grout holes were also used for erector
handling and for injecting pea gravel into the annular space.

Two types of joints were formed by the segment rings. Circumferential joints
divided the rings at 4-foot intervals along the tunnel alignment.
Longitudinal or radial joints were formed where the segments joined at each
600 arc of the ring. These longitudinal joints were a tongue and groove type
designed by the contractor rather than the specified knuckle type. All of the

joints contained a 3/4-inch deep by 1/4-inch wide groove on the inside liner

surface for sealant application The sealant used by the contractor was

Sikaflex-iA rather than the specified Hornseal.
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The segment rings were aligned and locked together at the circumferential
joints with "fast-lock dowels" patented by the segment manufacturer, Sehulster
Company, Inc.. These dowels were intended to prevent joint spreading and to
make the segment rings free-standing. Each circumferential joint contained 18
equally spaced dowels, 3 per segment.

The segmental liner was installed with a circular erector arm at the back of
the tail shield. The erector picked each segment up at the invert and rotated
it to its proper position within the ring. As the TBM excavated forward,
exposing 4 feet of invert rock in the cut away section of the tail shield, a
3-inch thick piece of flexible styrofoam was set on the invert about 3 feet-9
inches in front of the previous ring. Normally, a bed of pea gravel was
placed and graded behind the styrofoam barrier in preparation for the invert
segment. At times, however, when the tunnel bore was too high, the invert
rock was excavated to grade-cut with pneumatic spades, and no pea gravel was
required. The invert segment would then be placed with the erector and pushed
onto the dowels of the previous ring by the auxiliary propel jacks. This was
followed by the placement of each of the two lower rib segments , which were
backed by the styrofoam barrier and supported by wood blocking at springline.
The upper two rib segments would then by placed, followed by the installation
of the key segment in the crown. No styrofoam barrier was placed above
springline. After the full ring was erected, pea gravel was blown over and
around the back of the segments or through the grout holes. The pea gravel
was intended to provide the primary positive structural support. However,
final stabilization of the liner was provided with backpack grouting after the
trailing gear had cleared the segments. Complete grouting of the full annular
space was generally achieved at about 200 to 250 feet behind the trailing gear
(500 feet from heading), although this fluctuated considerably.

5-04. Foundation Preparation, The contract requirements for foundation
preparation were specified for the most part under technical provisions for
placing cast-in-place structural concrete. Of course this did not apply in
the tunnel because precast concrete segments were installed immediately behind
the TBM tail shield, rather than lining the tunnel with cast-in-place
concrete. Neither did it specifically apply to the large diameter shafts
(outlet, inlet, and maintenance shafts) because the rock was initially
supported with shotcrete long before the structural concrete was placed.
Nevertheless, the specifications state that,, "Shale or clay shale surfaces
upon which concrete is to be placed shall be clean, free from oil, standing or
running water, ice, mud, drummy rock, coatings, debris, and loose
semi-detached or unsound fragments."

Actually, these conditions were generally met before shotcrete applications,
largely due to practical workmanship The excavation and support procedures
in the large diameter shafts consisted of shotcrete applications after every 5
to 8 feet of vertical excavation This procedure prevented long term exposure
and corresponding deterioration of the rock. The rock was massive and
excavated very smoothly, especially with the roadheader, therefore, there were
normally no loose blocks or drummy areas in the foundation. Occasional loose
fragments were scaled away from the shaft walls before shotcreting. Since it
was imperative to provide full contact between the initial support and the
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surrounding rock, all over-excavations were fully backfilled with shoterete asrequired by the specifications.

Tespecifications also required that the excavated surfaces of the shafts be Ithhoeb

protected immediately upon exposure with a polyvinyl acetate emulsion resin
containing at least 60(±1)t total solids by weight. Some effort was necessary
in enforcing this requirement as well as assuring beneficial applications.
Aerospray 70 (or an approved equal product) produced by American Cyanamid
Company was specified, but no water dilution mixture was stipulated. The only
application requirements were given under the specification section on
preparation for cast-in-place concrete placements. An "expert" with the
supplier reportedly recommended a sealer to water ratio of 1:20 with an
application rate of 1/4 gallon per square yard. However, this mixture
appeared too watery with inadequate results, and the contractor eventually
increased the ration to 1:10. Where the material was more limy and less
susceptible to air slaking the contractor was allowed to omit the resin
application if shotcreting was conducted expeditiously.

5-05. Outlet Shaft Excavation. The outlet shaft was excavated and supported
according to the contractor's approved design submittals. The 150-foot deep
shaft is boot-shaped consisting of an initial vertical section, an
intermediate upstream undercut, and finally a tapering 60-foot lateral
transition to the tunnel. The entire shaft was excavated by backhoe and
roadheader with no blasting required, although the specifications provided for
that option. The backhoe was generally used in the vertical excavations
whereas the roadheader was used for undercutting or lateral excavations. The
initial support was designed by the contractor for a specified rock pressure
of 5 kips.

The excavation began with the construction of a collar in the upper 12 feet of
the shaft. This upper portion was excavated to a 51-foot surface diameter
tapering downward to a 48-foot diameter at the 12-foot depth. As this initial
hole was dug, the collar structure consisting of four W12 X 58 steel rings and
wood lagging was preassembled on the ground surface. The rings were held 3
feet apart by the vertically placed lagging to form a 12-foot high, open-ended
wooden barrel with a 43-foot inside diameter. The collar structure was then
placed within the completed hole, and the annular space was
backfilled with concrete.

The next 57 feet of shaft, from the bottom of the collar at elevation 569.56,
was excavated to a diameter of 42 feet 4 inches, and was variously supported
with steel rings, wood lagging, shotcrete, and wire mesh. W8 X 48 steel rings
were installed on 4-foot centers through the overburden and weathered clay

shale to the 40-foot depth Generally, a 5-inch thickness of 3500 psi
shotcrete was applied between the steel rings except where a groundwater
inflow of 200 gpm was encountered in the alluvial aquifer lying between
elevations 620 and 612 Wood lagging was installed between the rings
located at elevations 619, 615, 611, and 607; grouting was then conducted
behind the lagging to seal off the ground water Below the 40-foot depth no

steel rings were used, but the shotcrete increased to a thickness of 8-inches
with the reinforcement of two layers of 6 X 6 - W6 X W6 welded wire

fabric.
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A single W8x48 steel ring was installed at elevation 569.56 just before the
shaft excavation began to widen and undercut upstream toward the tunnel
portal. As the shaft was progressively widened with depth, its cross section
in plan view became increasingly egg shaped. In plan view, the downstream
half of the shaft remained circular whereas the upstream portion elongated to
form an elliptical curve. In longitudinal cross sections, this intermediate
undercutting between the vertical shaft and the horizontal transition had the
shape of an elbow flexura, and thus was called the shaft elbow. The elbow
curvature continued to the crown elevation of the transition, 532.59, or a
depth of 107 feet. Below this depth the shaft was excavated vertically to
invert with a continuous longitudinal diameter of 70 feet 11 inches and a
continuous transverse diameter of 49 feet 6 inches.

The initial support below elevation 569.56 consisted of a 12-inch thickness of
3500 psi shotcrete reinforced with two layers of 4 X 4 - W4.7 X W4.7 welded
wire fabric. Also, 18 to 21-foot long rock anchors were installed generally
on 4 to 5-foot centeLs and predominantly in the upstream elongated portion of
the shaft. These anchors were 1.25-inch diameter, No. 10 Dywidag threadbars
cement grouted into 5-inch diameter holes. They were the primary support
where the radius of curvature exceeded 30 feet, or where the excavation had no
curvature.

The lateral transition excavation extended 60 feet upstream from the vertical
shaft at Station 141+98.14 to the tunnel portal at Station 142+58.14. The
transition crown and invert elevations at Station 141+98.14 were 532.59 and
490.34, respectively. The transition crown and invert elevations at Station
142+58.14 were 522.05 and 490.46, respectively. Thus, the diameter of the
transition tapered from approximately 42 feet at the shaft to about 32 feet at
the tunnel portal.

The transitlon was excavated in four benches in conjunction with the lower 42
feet of vertical shaft excavation. Each of the approximately 10 to 8-foot
high benches were cut when the vertical shaft had been excavated to the bottom
of that respective level. After the full 60-foot length of the transition was
excavated and supported for a particular bench, the vertical shaft was taken
down another 10 feet to the bottom of the next bench, and so on to invert.

The transition excavation was supported with W1O X 49 steel ribs and 12 inches
of 3500 psi shotcrete. Wood blocking was used only in places to insure that
the ribs were making full contact with the surrounding ground; all other gaps
between the ribs and the ground were filled with shotcrete. There were 16 of
the steel ribs labelled A through P with Rib A set in the first 1 5 feet of
the transition, Ribs B and C set on 3-foot centers, and the remaining ribs set
on 4-foot centers.

The shaft collar was set between elevation 638.8 and 626 8 on January 29,
1988. Thereafter, the excavation proceeded in 3 to 8-foot vertical tiers, and
reached the bottom elevation of 488.0 on August 8, 1988. The lateral
transition excavation was completed 4 days later on August 12, 1988.

5-06 Inlet Shaft Excavation. The inlet shaft excavation followed lines and

grades similar to those presented in the contract drawings except that
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adjustments were made to allow for a 4-inch enlargement of the final inside
diameter. The inside diameter of both the inlet shaft and the tunnel were
changed from 24 feet to 24 feet 4 inches. The shaft was excavated by backhoe
in 4 to 9-foot deep tiers. A hydraulic ram was attached to the backhoe when
necessary to break through layers of harder limy clay shale. The primary
support was according to the contractor's approved design which allowed for a
specified rock pressure of 5 kips.

The first work required at the inlet shaft site was to dewater the approach
channel. The inlet shaft was the only large shaft constructed within the
actual channel of San Pedro Creek. A concrete approach channel had already
been constructed under a previous contract, and was filled with water to a
depth of about 15 feet. To dewater the work site, the water was pumped out of
the approach channel; a back-flow dike was built downstream from the site; an
upstream dam was constructed of steel beams placed across the piers of the
Quincy Street Bridge; and water was bypassed from the Quincy Street dam to the
back-flow dike through a 30-inch diameter steel culvert. Also, a sump and
large trash pump were installed within the dewatered approach channel to
remove water from leaks or overflows.

The previous approach channel construction had removed the overburden and
weathered clay shale at the site. Therefore, the contractor had only to
remove the rip rap, channel concrete, and a few inches of material to begin
the shaft excavation in massive unweathered clay shale.

The upper portion of the shaft excavation was in the shape of an equilateral
rhombus, but was nearly square with a width of 31 feet 2 inches. It extended
to a depth of 21 feet from elevation 623 to 602. The initial support was 3
inches of shotcrete designed mostly to prevent desiccation and air-slaking of
the clay shale. Additional support was provided by 24 rock anchors installed
on 5-foot centers at each of two elevations, 617 and 612. These anchors were
8-feet long,, 3/4-inch diameter, and fully resin grouted.

After the upper shaft was excavated to elevation 602, a 24-foot high by
52-foot diameter circular water protection cell was constructed around the
work area The cell was erected to prevent flooding until a temporary
concrete surface structure could be built over the shaft. The cell resembled
a large, open-ended, wooden barrel similar to the structure constructed for
the collar at the outlet shaft. However, this barrel structure was set on the
ground surface around the excavation. The cell was constructed of 5 steel
rings held apart by 6-foot long wooden lagging placed lengthwise between the
rings The steel rings were W12 X 58, and the wooden lagging was actually
6-inch by 8-inch railroad ties. The outside of the cell was overlain with a
layer of visqueen to help make it water tight. The base was anchored into the
ground by No 11 rebar dowels driven through 24 selectively spaced holes in
the bottom steel ring. The base was then shotcreted op both sides. The cell
leaked during approach channel flooding, but not profusely

The upper 21 feet of excavation provided the foundation for the temporary
concrete surface structure. The structure began within the shaft at elevation
603.43, and had the same rhombus shape as the excavation. The entire

structure was constructed of reinforced concrete, which included a 3 0-foot
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wide by 3.5-foot deep collar at the ground surface. The structure extended 33
feet above the creek channel to elevation 656, slightly above the 100-year
flood level of 655.2.

The shaft excavation gradually changed from the rhombus shape at elevation
603.43 to circular at elevation 578.0. Thus, the radius of curvature at the
corners changed from zero at elevation 603.43 to 12 feet 2 inches at elevation
578.0. This portion of the excavation was also supported with shotcrete and
rock anchors. The shotcrete design was a 5-inch thickness of 3500 psi
shotcrete reinforced with 6 X 6-W2.9 X W2.9 welded wire fabric. The rock
anchors were designed as additional support for the straight or uncurved sides
of the shaft; this gave progressively fewer rock anchors with depth as the
shaft became more circular. The anchors were installed across straight wall
sections on 5-foot centers and in 5-foot tiers with depth. The number of rock
anchors installed at each respective elevation were 20 at 601, 16 at 596, 12
at 591, 8 at 586, and 4 at 581. These anchors were 18-foot long, 1.25-inch
diameter, No. 10 Dywidag threadbars cement grouted into 5-inch diameter holes.

The excavation between elevation 578.0 and the shaft elbow at elevation 553.9
was a vertical circular section supportcd by 5 inches of 3500 psi shotcrete
reinforced with one layer of 6 X 6-W2.9 X W2.9 welded wire fabric. No rock
anchors were required in this section.

Below elevation 553.9 the elbow curvature of the shaft began to undercut
toward the tunnel portal. Unlike the outlet shaft, this shaft was Che same
diameter as the tunnel, and required no transitional tapering between the
elbow section and the tunnel portal. The excavation below elevation 553.9 was
initially planned to stop at elevation 517, about a foot below tunnel
springline, and thereby allow the TBM to excavate the rewainder to invert when
it holed-through into the shaft. However, the shaft excavation continued to
elevation 508, which left only 3.6 feet for the TBM to excavate to invert
elevation 504.4.

The elbow excavation was supported witb shotcrete and rock anchors. The
shotcrete was 8 inches thick and reinforced with one layer of 4 X 4-W4.7 X
W4 7 welded wire fabric. In the downstream section of the shaft, where the
radius of curvature exceeded 15 feet, rock anchors were used for added
support. These were 15-foot long, 1.25-inch diameter, No 10 Dywidag
threadbars cement grouted into 5-inch diameter holes. The anchors were
generally spaced on 4 to 5-foot centers and perpendicular to the shotcreted
wall However, in the crown, or "brow," of the elbow curvature they were
inclined upward at 37o.

Excavation of the San Pedro Creek Inlet Shaft began at elevation 623 in the
creek channel on October 10, 1988. The rhombus shaped upper portion of the
excavation was completed to elevation 602 on October 18, 1988. The temporary
concrete surface structure was then constructed after which the shaft
excavation resumed on January 6, 1989. The next section, which was a
transition from rhombus to circular shape, was completed at elevation 578 on
February 2, 1989 The shaft excavation was finished at elevation 508, 3.6
feet above the invert, on June 19, 1989. The TBM hole-through was on July
13, 1989.
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5-07. Maintenance Shaft Excavation. The maintenance shaft excavation was

performed according to. the contractor's approved submittal, which generally
provided the specified shaft dimensions. The excavation was accomplished
primarily by two dri-ling subcontractors between May 9 and August 11, 1988.

Cato Electric and Drilling began the work by drilling a ring of 27 concrete
soldier piers around the shaft circumference. These 36-inch diameter piers

were intended to provide initial support through the alluvial overburden into
the underlying weathered, but impervious, clay shale. At Ohbayashi's field

discretion, however, the piers were extended through the weathered clay shale

into the underlying unweathered formation at depths of 36 to 42 feet. The

procedure was to auger every other pier, and backfill it with 3000 psi
concrete. The intermediate piers were then augered with a minimum of 1-inch
overlap on the adjacent piers, and likewise backfilled with 3000 psi concrete.

This overlapping established an 8-inch bearing surface from pier to pier, and
provided a ground water barrier through the alluvium.

The 21.5-foot wide interior of the soldier pier ring was then excavated by

Ohbayashi with a backhoe. To prevent any possible inward movement of the
piers, W8 X 35 steel rings were installed at ground surface, at about the

15-foot depth, and at about the 30-foot depth. The backhoe excavation
continued below the piers to the 50-foot depth, enlarging the diameter to 22
feet. Below the piers, the excavation was supported with a 6-inch nominal

thickness of shotcrete.

Beck Foundation Company drilled the remainder of the shaft with a Northwest
5045 crane-type rotary drilling rig. A 3-foot diameter pilot boring was first

drilled to the 122-foot total depth. Then progressively larger bores of 4

feet, 6 feet, and 8 feet were drilled to various depths. After reaching an

8-foot diameter the shaft was enlarged by progressively reaming to diameters
of 11 feet, 16 feet, 19 feet, and finally to 22 feet 4 inches. The 6 nominal

inches of shotcrete support was generally applied when a 7-foot deep tier had

been reamed to the final diameter. The pilot bore served as a catchment for

the drill cuttings, and was cleaned out periodically with an auger.

The shaft was excavated 122.0 feet from the ground surface elevation of 642.5

to a bottom elevation of 520.5. This placed the shaft 7.5 feet below the

crown elevation of the unexcavated tunnel. The shaft was then backfilled with

sand to elevation 530. This allowed the final concrete liner to be placed

upward from that elevation to an inside diameter of 18.0 feet.

The intersection of the maintenance shaft with the tunnel was excavated to

tunnel springline for approximately 16 feet to each side of the shaft

centerline. The excavation was done by roadheader, backhoe, and pneumatic

spaders in advance of the TBM tunneling, and extended from Station 181+58 to

Station 181+90. It was supported with W8 X 48 steel ribs set on 4-foot

centers, shotcrete as needed, and wooden lagging. The lower half of the

tunnel was supported by the precast concrete liner as the TBM completed the

excavation below springline. Finally, the upper half of the tunnel and the

shaft intersection were formed and cast with 4000 psi reinforced concrete.
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5-08. Vent Shaft Excavations. The vent shafts were excavated and supported
according to the contractor's approved submittal. Two 6-foot diameter drilled..

vent shafts were specified for San Pedro Creek Tunnel, and were to be lined
with a 4-foot inside diameter precast concrete pipe. However, to connect the
tongue and groove pipe joints with O-ring gaskets would have been somewhat

difficult, as would the inspection in these deep, narrow shafts. Therefore,
the Government approved the contractor's proposal to install a 4-foot inside
diameter, 3/8-inch thick, steel casing from the ground surface. The general
shaft dimensions were not changed.

In May 1988, Beck Foundation Company sugared both vent shafts using a
Northwest 5045 crane-type rotary drill rig. The first vent shaft was located
just north of Durango Street at tunnel Station 158+14.13, and was drilled to

the 121.0-foot depth. The shaft was then backfilled with drill cuttings to
the 117.7-foot depth, to which depth the permanent steel casing was seated.
The second vent shaft was located near the intersection of Camaron and Salinas
Streets at tunnel Station 185+73.90, and was drilled to the 117.0-foot depth
This shaft was also backfilled with drill cuttings to provide a seat for the
permanent steel casing at the 114.0-foot depth.

The general construction procedure for each shaft was to auger an oversized
bore through the alluvial overburden and set a temporary surface casing into
the impermeable clay shale. The remainder of the shaft was then augered to a

minimal 6-foot diameter, and backfilled with drill cuttings to the permanent

casing depth, about 5 inches above the projected tunnel bore. The 4.0-foot
inside diameter steel casing was installed with the 1.0-foot wide annular
space backfilled with 3000 psi concrete. The temporary casing was removed as

the concrete backfill approached the ground surface.

No further excavation was required for the intersection of the vent shaft and
the tunnel, other than minor spading for a concrete ring beam at the junction.

The TBM excavated through the bottom of the shafts removing the backfill
cuttings through the mucking system. As the precast segmental liner wes

erected through the shaft area, the crown key segments were omitted and

replaced by W6 X 20 steel sets and wood lagging. At the Durango Street shaft

five key segments were omitted between Stations 158+10 and 158+30. However,
at the Salinas Street shaft only one key segment at Station 185+74 was

omitted. The intersections were later formed and cast with 4000 psi

reinforced concrete.

5-09. Hydraulic Ins rumentation Shaft Excavations. The two hydraulic

instrumentation shafts for San Pedro Creek Tunnel were constructed according

to the contractor's approved submittal. The submittal provided for a 12-inch

inside diameter, Schedule 40 steel cased shaft as specified.

However, there were a few changes proposed in the procedures. One change was

to drill a 24-inch diameter boring rather than the specified 16-inch boring.

Also, since the upstream shaft was actually located within San Pedro Creek, a

54-inch diameter surface casing was used as a work caisson through the water,

and a 24-inch diameter corrugated metal pipe, C.M.P., was installed as a

permanent stick-up above the creek surface.
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Both of these shafts were drilled in April 1988 by Beck Foundation Company
using a Northwest 5045 crane-type rotary drill rig. One shaft was located
near the outlet shaft at tunnel Station 143+00. It was drilled to the
ll.2-foot depth, and was backfilled with 2 feet of drill cuttings to provide
the permanent casing seating at the 117.2-foot depth. The other shaft was
located in the creek channel near the inlet shaft at Station 199+81. Its
drilled depth was 107.0 feet with permanent casing set 2 feet higher on
backfilled drill cuttings.

The general construction procedure was first to drill an oversized hole
through the overburden and set temporary casing into the impervious clay
shale. The remainder of the shaft was then augured at a 24-inch diameter to
the total depth. The lower 2 feet of the hole was backfilled with drill
cuttings to provide a casing seating about 5 inches above the projected tunnel
bore. This was followed by the installation of the 12-inch diameter, Schedule
40 steel, permanent casing. The annular space was backfilled with sand-cement
grout, and the temporary casing was removed as the grout approached the ground
surface.

The upstream shaft, being in the creek channel, had a couple of additional
features. To prevent the stream flow from entering the shaft, a temporary
54-inch diameter steel casing was installed to a depth of 3 feet below the
channel, and was removed when the construction was completed. Also, a
permanent outer casing was installed at the surface to provide a stick-up of
about 2 feet above the water level. When the cement backfill had been poured
around the 12-inch diameter permanent casing up to the stream channel, a
24-inch diameter, 16 gauge C.M.P. was pressed into the cement to foTm an outer
casing through the water. The annular space between the C.M.P. and the
Schedule 40 casing was also backfilled with the cement

No further excavation was required for the intersection of the shaft and
tunnel. The TBM cut through the lower portion of the shaft and removed the
backfill cuttings. A 12-inch diameter hole was cut through the precast tunnel
liner to access the bottom of the shaft. A sona-tube form was secured between
the tunnel liner and the shaft casing. The annular space behind the tunnel
liner was then filled with pea gravel, and finally grouted around the
sona-tube.

5-10. Tunnel Excavation. As discussed in preceding paragraphs, the tunnel
was excavated by a modified Robins TBM and supported with a precast concrete
segmental liner. The TBM excavated the 5,843-foot long tunnel to a diameter
of 26 feet 11 inches. The precast liner, consisting of 6 segments per ring,,
was insta''ed within the TBM tail shield by a circular erector arm located
about 38 reet behind the heading The liner segments were 4 feet wide and 1
foot thick giving the tunnel an inside diameter of 24 feet 4 inches with an
outside annular space of 3.5 inches The liner was primarily supported with

pea gravel blown into the annular space and later grouted with 1:1 cement
grout (water-cement ratio by volume) about 500 feet or more behind the

heading The specified lines and grades of the excavation were controlled by

laser beam instrumentation.
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Although the tunnel excavation encountered no major problems, the rate of
advance averaged only half of the anticipated 60 feet per day. The work
schedule consisted of two 10-hour shifts per day which usually included
Saturdays. The largest advance in a day was 106 feet on July 9, 1989, but the
average was 30 feet. The average rate was lowered considerably by the 107
workdays required to complete the first 700 feet of tunnel. This slow start
was attributed to an initial learning curve for the workers, mechanical
problems, the Christmas holiday season, and the typical difficulties of
starting tunnel construction on a curve section; the first 600 feet of the
tunnel were in a curve. After the first 700 feet, the tunneling progress
improved with only occasional delays. These minor delays were generally only
a few days in duration, and often due to the contractor's difficulty in
keeping the pea gravel and grouting operations in pace with the excavation
rate.

This lag in the pea gravel and grout backpacking became a major concern to the
Government, since it was the contractor's proposed primary means of providing
positive structural support for the precast segmental liner It was essential
for safety and the operational longevity of the tunnel to provide a stable
circular liner and to secure that liner with a solid, uniformly grouted
contact with the surrounding rock. The circularity of the liner had to be
preserved to prevent differential pressures developing around the tunnel. The
annular void behind the liner had to be completely filled to prevent
deterioration of the surrounding clay shale and to create a uniformly
structural contact. Therefore, a timely and thorough placement of pea gravel
and grout were crucial not only as initial liner support, but also as final
liner stabilization. When the contractor became lax in properly executing
these essential operations, the Government was obliged to stop the tunnel
excavation until the liner erection procedure was brought into full compliance
with the approved plan. When pea gravel support was lacking behind the liner
and/or when grouting lagged too far behind the excavation, the Government
directed the contractor to cease tunnel excavation until these operations were
caught up. These cease work orders were issued five times on the following
dates:. March 2, March 23, April 7, June 16 and June 19, 1989.

The tunnel excavation began on November 7, 1988 with a scheduled completion
date of March 7, 1989. The TBM holed-through into the inlet shaft at 06:05
p.m. on July 13, 1989. This was Thursday evening;, the contractor worked a
partial crew the next day, but no one worked on Saturday or Sunday.
Therefore, completion was four days later on Monday, July 17 when the TBM had
passed to the back of the shaft (excavating the lower 3.6 feet) and all of the
tunnel liner had been set.

See Appendix B foi tunneling progress charts.
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PART VI

CHARACTER OF FOUNDATION OR TUNNELING MEDIUM

6-01. General. As anticipated, the Taylor Formation proved to be a
relatively stable tunneling medium. It was the only rock formation
encountered, and it's generally massive character persisted throughout the

excavations. The rock was soft enough to readily excavate without blasting,
and yet firm enough to stand well in vertical cuts. Minor crown fallout or
block settlement occurred in the softer strata due to excessive exposure
before the rock was fully supported; however, these were indeed minor and of
little construction consequence. Some inevitable stress relief fracturing
occurred, but joints and fractures were generally sparse. In short, the San
Pedro Creek Tunnel and Shafts were constructed in impermeable, massive,
structurally competent, but variably expansive clay based rock.

The following paragraphs summarize the ground conditions encountered in the
tunnel and in each shaft.

6-02. Tunnel Foundation or Medium. The Taylor Formation provided a massive,
competent, stable rock medium throughout the tunnel, however,, the material
varied somewhat along the alignment. As the tunnel was excavated upstream
from outlet to inlet it passed through successively older strata within the
formation. This was due to the .002 upstream grade, a 2 degree southeastward
dip of the bedding, and 32 feet of down-to-the-south faulting at about Station
171+50. These strata were identified from youngest to oldest as M-1 through
M-5, and as previously discussed in Part III, the stratigraphically lower and
older beds increase in carbonate content. The result is that the M-1 and M-2
materials are more clayey and not as strong as the better indurated limy
materials of the M-3 through M-5 strata. Therefore, the first 2,892 feet of
tunnel, which was on the downthrown side of the fault, encountered
lithologically weaker M-1 and M-2 materials, whereas the 2,951 feet of tunnel
upstream of the fault encountered the stronger M-3 and M-4 materials.

These stratigraphic changes in the clay to calcium carbonate ratio presented a
pronounced material contrast across the fault at Station 171+50, which roughly
divides the tunnel length in half. The M-1 and M-2 strata in the downstream
half is dark gray, unctuous, massive, soft to moderately sott, variably
calcareous, geologically consolidated or slightly indurated clay based rock
which with fissility forms a clay shale or otherwise, where nonfissile, could
be classified a claystone. This is the weaker material of the formation
having an unconfined compressive strength as low as 5 tsf, but normally around
25 tsf. In the upstream half, the M-3 and M-4 strata (also M-5, though it is
below the tunnel elevation) is gray to light gray, earthy, massive, moderately
soft to moderately hard with occasional hard lenses, very calcareous or limy,
well indurated clay based rock which can be called a clay shale where fissile
or claystone where nonfissile. Actually, much of this lower portion of the

formation has the high carbonate/clay mixture of an indurated marl and could
be classified as a marlstone, or an argillaceous limestone where the calcium

33



carbonate predominates. This is the strongest material of the for-ation
having unconfined copressfve strengths normally a.ound 70 tsf.

These material descriptions give the predominant characteristics of the
strata. However, it should be noted that. stringers of lizy shale occur
occasionally in the upper strata, and occasional clayey shale layers occur in
the lower strata.

The downstream M-1 and M-2 clayey materials tended to deteriorate when
subjected to extensive unsupported exposure by slow tunneling progress. Some
crown fallout and block settlement occurred, but nothing large or of long tarn
detriment. As tunneling began the TMN moved only 36 fee'- n' the first 8 days
with the result that fallout developed to 2 feet above the crown for the first
7 feet along the alignment. Further, the generally slow progress in much of
the downstream tunnel caused the tunnel bore to be unsupported around the TM
for as much as 5 or 6 days before a cut-section would progress back to the
tail shield where the liner could be installed. The material was thus exposed
for an extended time to desiccation, air-slaking, and the opening of stress
relief fractures. Nevertheless, no major fallouts developed. Some block
settlement was noted in places on the T1 shield and over the crown of the
liner, but no blocks ever fell around the shield into the invert. Although
there was some concern that block settlement at times was warping or
deflecting the crown of the tail shield downward, the tightness of the shield
against the material could also be attributed to the undulatory maneuvering of
the 1 3. In addition, a thin 1/4 to 1/2-inch layer of compressed ravelings
was sometimes noted at the tail shield cut-out section, uhich indicated that
muck cuttings and/or slaking material was falling around the TM

The massive character of the formation was always obvious in the cut-out
section of the tail shield, and it is doubtful that any exceptionally large
blccks ever settled out of the crown. The fact that only 15 of 56 borescope
holes in this section of tunnel had fractures is indicative of the persistent
massiveness of the formation. Also, all but 2 of the borings with fractures
were above springline which suggests that these few fractures were stress
relief development in the crown through several days of unsupported exposure.
(Borescope observations were conducted in 3-foot deep borings, 7 holes per
staton spaced 45 degrees apart around the tunnel bore, at Stations 143+63,
143+71, 143+79, 143+87, 143+95, 158+39, 153+47, and 158+55 )

A concern derived from fallout behind the liner was in the pea gravel and
grout backpacking operatior. Chunks and ra-elings of deteriorated material
fallen around the outside of th lirer obstructed the thorough placement of
pea gravel throughout tht annular space Voids left by the fallout and open
joints required a determined effort tu insure that all empty space surrounding
the liner was filled with pea gravel and/or grout However, though some
secondary grouting was required, final cest borings through the liner to 5
feet within the rock indicated that there was guod grout penetration and
complete rock consolidation about the liner This was imperative to maintain
the longterm integrity of the surrounding grouno, and to prevent differential
pressures from developing against tne tunnel liner
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Both the material strength and the tunneling rare improved in the upstream
half of the tunnel. The better indurated limy M-3 and M-4 materials were more.
resistant to deterioration, and the unsupported exposure time decreased fro2
several days to a day or less as the tunneling operation improved. As a
result, there was no fallout or block settlement upstream from the fault at
Station 171+50.

6-03. Ole_ Shaft Foundation. The outlet shaft was excavated through 27
feet of allvial overburden, 13 feet of weathered Taylor Formation, and 111
feet of unwe thered Taylor Formation. The alluvial overburden included, from
the ground surface downward, 4 feet of clay fill, 3 feet of clay, 2 feet of
silt, 10 feet of gravelly clay, 2.5 feet of sand, and 5.5 feet of gravel.
Ground water at 200 gp. occurred between the top of the sand layer at the
19-foot depth and the weathered clay shale at the 27-foot depth. The
weathered clay shale of the Taylor was tan with gray mottling, soft, generally
massive with occasional fractures. The unweathered Taylor was gray to dark
gray clay shale, predominantly soft to moderately hard in places, massive,
variably calcareous, and occasionally jointed or fractured.

Though the Taylor at the outlet shaft was the younger and rofter portion of
the formation, it waz a sound, firm foundation rock. The top of the M-1
stratigraphic marker bed was at about elevation 524; this was at the 115-foot
depth or about 10 feet below the crown of the shaft-to-tunnel transition.
Nevertheless, all of the rock formation throughout the shaft was the uppermost
Taylor, and essentially the same characteristic material. This was the more
clayey and less limy material of the downstream tunnel alignment, Oiich
excavated easily while standing very well in vertical cuts. There were a
couple of fallout slabs from the crown of the horizontal transition section;
the dimensions of one was 6 feet by 4 feet by 2 feet and the other was 6 feet
by 3 feet by 1/2 foot. These fallouts were derived from stress relief
partings along bedding planes due to a delay in shotcrete applications.
Normally, excavation surfaces were smooth showing little disturbance to the in
situ character of the material.

The formation was typically massive with only occasional fractures or joints.
A few irregular discontinuous fractures were noted in the weathered clay shale
in the northern half of the shaft. One nearly horizontal, relatively tight
joint striking east and dipping 1 degree north was mapped at elevation 578,
the 61-foot depth. Several nearly horizontal bedding plane partings were
noted around the 100-foot depth, between elevations 539 and 535. Another
essentially horizonttl joint opened at the top of a 1-inch thick, white
bentonite seam at the 107.5-foot depth, elevation 531.5. Several fractures
developed in the lower 12 feet of the transition with apparent dips to the
northeast and southwest at 1 to 10 degrees.

6-04. Inlet Shaft Foundation. Being on the upthrown side of the tunnel
fault, the inl.t shaft extended through four of the stratigraphic units
identified within the Taylor Formation. The excavation began in the M-1
material at ele.-ation 623, and the M-2 bed was 16 feet lower at elevation 607
The M-3 and M-4 beds began at elevations 583 and 514 ,re~pectively, the 40-and
109-foot depths. It is noteworthy that a moderately hard to hard limy shale
layer was located at the top of each of these stratigraphic units, these are
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the marker beds which are distinguishable on electric logs. Throughout the
shaft the material was true to the character of each stratigraphic unit,
progressing downward from soft clayey rock in the upper strata to harder,
liny, well indurated rock at depth.

The entire inlet shaft is constructed within unweathered Taylor Formation,
since the overlying weathered and alluvial materials were removed previously
during the approach channel work. The upper 62 feet of the shaft is in mostly
soft strata which excavated smoothly with little disturbance to the in situ
formation. However, the harder rock in the lover 57 feet of the shaft
required percussion excavation by hydraulic ram. Although the excavation was
controlled somewhat by indistinct horizontal bedding, the material tended to
break in conchoidal, angular patterns giving a slightly rough texture to the
excavated surface. Tight, thin, discontinuous, and apparer.tly shallow
fractures developed along the nearly horizontal bedding planes between
elevations 532 and 525, the 91-to 98-foot depths. The formation stood well
throughout the shaft excavation, and the well indurated rock in the lower
shaft stood extremely well in both vertical and horizontal cuts. The
increased carbonate to clay ratio of these lower strata made the rock harder
and more brittle, but also less susceptible to desiccation, air slaking and
sloughing.

The formation was,persistently massive. There were relatively few fractures,
and no major joints that extended completely through t.e shaft. A few
irregular discontinuous fractures were located in the upper 3 feet of the
southern half of the shaft. Some nearly horizontal discontinuous fracturing
was noted at elevation 608, the 15-foot depth. A nearly horizontal, calcite
healed joint was noted at elevation 584, the 39-foot depth, but did not extend
through the N-NE quadrant of the shaft. In the shaft's S-SW quadrant, between
elevations 539 and 536, there were two discontinuous joints with apparent dips
of 2 degrees and 3 degrees SE. The few other fractures were thin, tight,
short, and probably shallow breakage planes caused by the percussion
excavation.

6-05. Maintenance Shaft Foundation, The maintenance shaft being located at
tunnel Station 181+77 is on the upthrown side of the fault at Station 171+50.

Therefore, like the inlet shaft, it extends from the softer, clayey M-1 strata
near the surface into the harder, more limy, and better indurated materials at
depth. The maintenance shaft, however, does not extend beyond the M-3 strata,
since it is structurally doen-dip from the inlet The top of the M-2 strata
is at elevation 582.5, the 60-foot depth, and the top of the M-3 is at

elevation 562.5, the 80-foot depth. The top of the M-4 strata is correlated
at elevation 501, which would be 19.5 feet below the shaft

The :aintenance shaft is constructed through 16.0 feet of overburden and 106

feet of Taylor Formation. From surface elevation 642 5, it extends

progressively downward through 7.3 feet of clay fill, 8.7 feet of clay, 17 8

feet of weathered clay shale, 8 7 feet of partially weathered clay shale, and

79.5 feet of unweathered clay shale Due to the impermeable character of both

the overburden and the primary formation, there is no observable ground water

otner than sparse wetness in the overburden. The upper 44 feet of weathered

and unweathered clay shale is soft, clayey M-I mater,%l Below the 60-foot
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depth, the K-2 strata becomes interbedded with moderately hard limy layers of
" several inches thickness. A 6-foot thick limy bed occurs at the 70-foot

depth. Below the K-3 contact at the 80-foot depth the material is generally
moderately soft to moderately hard, more limy, and well indurated. A
moderately hard, very limy zone extends between the 90 and 95-foot depths.

The Taylor Formation at the maintenance shaft was massive below the 42-foot
depth. The weathered and partially ,leathered material of the upper shaft was
fractured with an average spacing of about 5 feet, although it varied from
less than 1 foot to 12 feet. Except for nearly horizontal joints at the 40
and 42-foot depths, the fractures were mostly high angle. Those which
occurred in the largely unweathered material below the 33.8-foot depth were
channels for chemical weathering; weathering had oxidized the shale from gray
to reddish tan in I to 2-inch wide bands along the fractures. Since the shaft
was excavated by drillin& and reaming, the scraping of the reaming blades
along the shaft walls may have obscured occasional tight fractures or joints
in the lower .haft. However, the formation appeared unfractured below the
42-foot depth, and no sloughing occurred.

6-06. Vent Shaft Foundations. The two vent shafts for San Pedro Creek Tunnel
were drilled on each side of the fault at Station 171+50. The vent shaft near
Durango Street is located at Station 158+14 on the downthrown side of the
fault, and in the soft, clayey Upper Taylor Formation. The top of the M-1
strata is at elevation 529.3, the 110-foot depth or 11 feet above the bottom
of the shaft. The vent shaft near Salinas Street is located at Station 185+74
on the upthrown side of the fault, and extends from the softer, clayey M-1
strata into the harder limy M-3 materials. The top of the M-2 strata is at
elevation 601, the 42-foot depth, and the top of the M-3 is at elevation 578,
the 65-foot depth. The top of the M-4 strata is correlated at elevation 510,
the 133-foot depth or 16 feet below the bottom of the shaft.

The Durango Street vent shaft at Station 158+14 extends through 23.0 feet of
overburden, 16.8 feet of weathered Taylor Formation, and 81.2 feet of
unweathered Taylor Formation. Progressively downward, the overburden includes
1.5 feet of sand fill, 10.5 feet of gravelly clay, and 11.0 feet of clayey
gravel. Free water was encountered between the 16.0 and 23.0-foot depths when
the shaft was drilled in May 1988. The weathered Taylor consists of soft,
fractured clay shale. The unweathered Taylor is soft, massive, variably
calcareous clay shale. The formation stood well with no sloughing during the
shaft sinking.

The Salinas Street vent shaft at Station 185+74 extends through 13.58 feet of
overburdex., 17.42 feet of weathered Taylor Formation, and 86.0 feet of
unweathered Taylor Formation. The overburden consists of 2 5 feet of gravelly
clay fill overlying 11.08 feet of clay. During the shaft sinking in May 1988,
only a small amount of ground water flowed along a joint at the 13.0-foot
depth and along the formation contact at the 13 58-foot depth. The weathered
Taylor is soft, fractured clay shale at this shaft also. The unweathered
Taylor begins in the soft, clayey M-1 strata, but is increasingly moderately
soft and more calcareous in the M-2 below the 42-foot depth. Below the
65-foot depth, the M-3 strata is moderately soft to moderately hard with
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highly calcareous or limy layers. The formation was massive and stood well;
no sloughing occurred during construction.

6-07. Hydraulic Instrumentation Shaft Foundations, Like the vent shafts, the
two hydraulic instrumentation shafts were drilled on each side of the fault at
Station 171+50. One of the shafts is located near the outlet at Station
143+00. It is on the downthrown side of the fault, and is in the soft, clayey
Upper Taylor Formation. The top of the M-1 strata is at elevation 522, the
116-foot depth, or 3.2 feet above the bottom of the shaft. The other shaft is
at Station 199+81 near the inlet, and is on the upthrown side of the fault.
It begins in the soft, clayey M-1 strata, and extends well into the harder,
liny M-3 strata. The top of the M-2 strata is at elevation 605, the 30.8-foot
depth, and the top of the M-3 is at elevation 580.8, the 55.0-foot depth. The
M-4 is correlated at elevation 512,, the 123.8-foot depth, or 16.8 feet below
the bottom of this shaft.

The hydraulic instrumentation shaft near the outlet extends through 27.0 feet
of overburden, 12.6 feet of weathered Taylor Formation, and 79.6 feet of
unweathered Taylor Formation. From the ground surface downward, the
overburden consists of 2 feet of clay fill, 10 feet of clay, 8 feet of
gravelly clay, and 7 feet of clayey gravel. The lower 7 feet of clayey gravel
contained free water during construction In April 1988. The weathered Taylor
Formation is soft, fractured clay shale. The unweathered Taylor is soft,
massive, variably calcareous clay shale, but has occasional thin, moderately
soft to moderately hard, highly calcareous layers. The formation stood well
without sloughing during construction.

The hydraulic instrumentation shaft near the inlet extends through 0.8 feet of
concrete channel liner in San Pedro Creek, 11 feet of weathered Taylor
Formation, and 95.2 feet of unweathered Taylor Formation. There is no
alluvial overburden at this site since chan-el improvements to the creek have
placed concrete liner directly on weathered clay shale of the Taylor
Formation. The weathered clay shale is soft and somewhat blocky, but with
little indication of fracturing. During the drilling in April 1988, a trace
of free water was observed at the 5-foot depth;, this could have been seepage
around the 3-foot deep surface caisson or ground water flow along a formation
fracture. The unweathered Taylor Formation is soft, clayey M-1 and M-2 strata
in the upper 55.0 feet of the shaft. Moderately soft to moderately hard, limy
zones increase with depth through the underlying M-3 strata The formation
was massive and stable with no sloughing during construction.
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PART VII

4. FOUNDATION TREATMENT

7-01. Gneral. There was no major foundation treatment required for the
tunnel or shafts. However, two of the support procedures may also be
considered methods of foundation treatment. These two operations were the
rock anchor installations in the shafts and the grouting of the tunnel liner.
Although both the rock anchors and the grouting were required as part of the
excavation support, they may also be considered foundation treatment in that
they enhanced the in situ stability of the rock formation. These operations
have been described as support procedures in Part V, but will be further
discussed in this section.

7-02. Rock Anchors, There were three general types of rock anchors used on
the San Pedro Creek project. Type I and Type II rock anchors were used in the
outlet shaft. Type I and Type III rock anchors were used in the inlet shaft.
The type differences consisted of variations in length and corresponding
bonding capacities. The rock anchors were normally stressed to design loads
and then locked off at 80t of that load, which varied with the length of the
rock anchor. Type I rock anchors were 18 feet long, had a design load of 90
kips, and a lock-ciff load of 72 kips. Type II rock anchors were 21 feet long,
had a design load of 110 kips, and a lock-off load of 88 kips. Type III rock
anchors were 15 feet long, had a design load of 100 kips, and a lock-off load
of 80 kips. The Type III anchors were used exclusively in the better
indurated rock at the inlet shaft,, and thus had a higher bonding capacity for
the shorter length of anchor.

All three types of rock anchors were similar in materials and construction.
They were all 1.25-inch diameter, No. 10 Dywidag threadbars, and were cement
grouted into 5-inch diameter holes. The anchor grout was a non-corrosive
expansive admixture with a minimum 28 day compressive strength of 3000 psi
The recommended pumping pressure for the grout was 30 psi. PVC spacers were
used at equal distances along the boring to keep the anchor in the center of
the hole. A 2-inch thick, 5-inch diameter styrofoam donut was placed around
the anchors at the 1.0 to 1.5-foot depth to act as a grout barrier; the
styrofoam was also supposed to provide a compressible cushion which would
allow the anchor bar to move if the bonding capacity was exceeded during the
stress loading. The outer foot or so of hole beyond the styrofoam donut was
backfilled with dry-pack cement around a PVC bond breaker covering the anchor
bar An 8 to 10 inch square, 1.5-inch thick Dywidag bearing plate was
installed against the shotcreted shaft surface at the outer end ot the anchor
bar.

The design of these rock anchors provided a support effect similar in
principal to "soil nails" rather than typical rock bolts Soil nails are
normally relatively short steel bars of a fully bonded length installed as
reinforcing inclusions to the in situ ground. Usually closely spaced, they
produce a zone of reinforced ground which performs in a manner similar to a
retaining wall. Soil nails are not stressed although it is common to apply a
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small seating load. Unlike soil nails, rock bolts are stressed after
installation with the load transferred along a distal, fixed anchorage length;
this distal anchorage binds the unbonded outer rock to the more stable ground
mass at depth. The rock anchors in the outlet and inlet shafts were stressed
like rock bolts, and yet, like soil nails, they were bonded for nearly their
entire length. Only the outer 1.0 to 1.5 feet of bar length was unbonded.
Considering the thickness of shotcrete on the shaft wall, this left only the
outer few inches to 1.0 foot of rock unbonded, and the stressing load was

distributed along the rest of the bar. Therefore, the rock anchors acted as
stress loaded soil nails rather than bolts anchored at depth.

Although this type of rock anchor appeared to work satisfactorily in the
massive rock of the San Pedro Creek shafts, there is some doubt that the

anchors could actually sustain their submitted design load. Load tests on
instrumentation rock bolts in the soft clayey rock at San Pedro Creek Outlet
Shaft had difficulty in achieving a required 20 kips test load. It was
therefore questionable that 90 to 110 kips were achieved on support rock

anchors at this same shaft.

The contractor's method of stressing the support rock anchors was somewhat
dubious. The method of stressing placed the jacking frame against the bearing
plate which covered the grouted anchor hole and rested on the shotcreted shaft
wall. When a load was applied to the jacking frame, the bearing plate

restrained the grout column from moving. Thus, the bond between the grout and
rock could not break if its normal load capacity was exceeded. If failure
occurred it would have been at the relatively strong bond between the anchor
bar and the grout column. It was intended that the 2-inch thick styrofoam
donut would collapse enough to allow failure of the grout-to-rock bond
However, this was rather speculative since the strength of the styrofoam under
complete confinement was unknown.

In any case, these rock anchor "nails" apparently provided an effective
reinforcement in the massive rock at the San Pedro Creek shafts, and no

support problems developed. However, in jointed, more thinly stratified,
blocky ground as at the San Antonio River Outlet Shaft these anchor nails
would be less effective than the longer typical rock bolts having a distal

anchorage at depth. This is more relative to the forthcoming foundation
report on the San Antonio River Tunnel. Nevertheless, it is significant to
mention that random failure and creep tests performed on Type I rock anchors

at that outlet revealed load capacities of only 16 to 38 kips in similar soft,

clayey rock. As a result, the anchor loading procedure was eventually changed

to use a jacking frame large enough to straddle the bearing plate. This left

the grout column free to move if the anchor failed.

Although three general types of rock anchors were used for the most part in

the San Pedro Creek shafts, there was actually a fourth type This fourth
type of anchor was used in only two places at the inlet shaft, and was not a

major design requirement There were 24 of these resin grouted, 8-foot long,

3/4-inch diameter anchors installed at elevations 617 and 612 in the upper 21

feet of the shaft. These small anchors were only a precautionary measure

a.ded to the support design, which required only 3 inches of shotcrete for the

upper shaft
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7-03. Tunnel Liner Grouting. Grouting of the annular space between the
S tunnel liner and the surrounding rock was primarily to establish a solid

contact between the liner and the rock, but it also consolidated the
surrounding rock by filling open fractures, joints, and occasional elongated
voids left by minor block settlements in the crown. Grouting behind tunnel
liners is usually called backpack grouting, and is largely for support. The
grouting of fissures and voids in the loosened rock surrounding tunnels is
referred to as consolidation grouting, and is predominantly a stabilization
treatment. Consolidation grouting often requires the drilling of grout holes
to the depth of formation disturbance to provide a full distribution of the

grout. However, the zone of disturbance in the massive material surrounding
the San Pedro Creek Tunnel was only several feet thick. Therefore, backpack
grouting and consolidation grouting were effectively accomplished in the same
operation as the grout pumped behind the liner also penetrated well into the
relatively shallow fractures.

The grouting procedure proved to be reasonably thorough although it was done
in a patchwork fashion. The procedure was to grout in horizontal strips at
various locations with a general upward progression from the invert holes.
Two 2-inch diameter grout holes were constructed in each liner segment which
allowed the upper holes to provide venting and observation ports. Injection
holes were moved vertically and horizontally beyond holes which were plugged
due to previous grout flows. Adjoining grout sections would overlap previous
grouting, or upstream grouting sections would merge with advancing downstream

sections. Grouting at the crown required sustained pumping at gravity flow
until pressure could be obtained or a secondary grouting which could maintain
pressure. This method eventually produced a forward slope of grout from a
downstream injection point in the crown to an upstream edge in the invert,
covering approximately 200 feet of alignment. The grout was a 1:1 cement to
water ratio by volume, and was pumped at a maximum pressure of 28 psi.

Quantitative data on the pea gravel and grout placement shows that the primary
backfilling extended well around the liner into the crown annular space (See
Appendix C). The volume of the 3.5-inch wide annular space was calculated to
be 98 cubic feet per 4-foot liner ring;, however, it should be noted that part
of this void was no doubt filled with rock cuttings or rubble in places. A
pea gravel density of 95 pounds per cubic foot was used to compute the amount
of pea gravel backfilled behind the rings, which averaged 46 cubic feet per
ring. The average placement of grout per ring was estimated at 55 cubic feet.
The pea gravel volume included approximately 40% voids which would consume
part of the grout placement. Therefore, of the 98 cubic feet of annulus
behind each ring, 46 cubic feet was filled with pea gravel and 37 cubic feet
was filled with grout. This gave an average of 83 cubic feet of backfilled
pea gravel and grout which was 85% of the annular space. Since much of the
invert liner was placed directly on the excavated surface, most of the void
was in the crown rather than arranged concentrically into a 3.5-inch wide
annular space. Thus, the 85% backfill would extend well into the crown area
after the primary pass of grouting.

The 85% backfill estimate may be considered a best case scenario since it is
based on bulk placement quantities and ignores material wastage On the other
hand, this wastage would be partially offset or possibly exceeded in places by
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the volume of rock settlement and ravelings. Also the amount of grout
required to fill the pea gravel voids is somewhat speculative and subject to
variables such as the presence of extraneous moisture and granular fines. In
any case, the remaining annular space was filled by secondary pressure
grouting conducted in crown borings spaced on 50-foot centers along the tunnel
alignment.

A core sampling investigation by the Government determined that the grouting
operation had effectively accomplished both the backpacking of the tunnel
annular space and the consolidation of the surrounding rock. Three 100-foot
long test sections were established at Stations 148+94 to 149+94, 169+98 to
170+98, and 189+82 to 190+82. Core sampling was conducted through the liner
grout holes at every fifth ring in each test section. Four core samples were
taken at each test ring, one in each quadrant, with a rotational sequence from
ring to ring so that all 12 grout hole positions were sampled in each 100-foot
test section. Core sampling was extended to the depth of solid, undisturbed
rock in each hole, which was generally within 5 feet of the tunnel bore.
Also, to determine the effectiveness of consolidation grouting in a reach of
known rock settlement, core samples were taken every 50 feet in the cro-n
between Stations 142+87 and 148+55. Eight other borings sampled beneath the
invert liner between Stations 166+22 and 179+82. The findings of all 93 core
borings indicated that grout had penetrated well into all fractures
surrounding the tunnel bore and, except where liner segments rested directly
on the excavated surface,, the annular space had been completely filled.

See Appendix C for grouting data.
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PART VIII

CONSTRUCTION M&TERIAIS

The earth materials used in the Phase II tunnel construction consisted of pea
gravel and concrete aggregate. These materials were obtained from local San
Antonio suppliers. The pea gravel used as tunnel liner backfill was supplied
by Capitol Aggregates, Inc. at 11551 Nacogdoches. Cast-in-place and backfill
concrete was obtained from Pioneer Concrete of Texas, Inc. at 15080 Tradesmen,
and contained aggregate supplied by Redland Worth Corporation located at 17910
IH-10 West. The concrete for the precast liner segments, manufactured by

Sehulster Corporation at 7386 Grissom Road, was supplied by Meader
Construction Company, Inc., whose plant was nearby at 7510 Grissom Road.
Aggregate for the Meader concrete was provided at first by Redland Worth
Corporation, but later by Vulcan Materials Company. The Vulcan Materials
Office was at 800 Isom Road, however the aggregate came from a limestone
quarry on Huebner Road relatively close to the precast plant. Concrete
aggregate analyses were included in the mix design submittals which were
reviewed and approved by the Government.
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PART IX

GEOTECHNICAL INSTRUIEMTATION

9-01. General, The contract specifications provided for a geotechnical
instrumentation program to monitor ground behavior at the outlet shaft and at
two designated stations in San Pedro Creek Tunnel. The Contractor, Ohbayashi
Corporation, retained the services of Woodward-Clyde Consultants to implement
the program, and their Final Instrumentation Report is included as Appendix G
of this report. The instrumentation was designed to monitor any ground
movements and/or stress developments around the excavations with the intent to
provide data for safety observations, design verification, and future design
applications. Immediate notification of the Government was required during
construction when ground movements exceeded 0.25 inches, or when stresses
exceeded 5 kips (34.7 psi) in the outlet shaft, or when stresses greater than
5 tsf (69.4 psi) were indicated in the tunnel. These parameters were not
exceeded in the outlet shaft. However, they were exceeded to some extent in
the tunnel, but this was considered the localized effects of the tunneling
operations. A detailed discussion and interpretation of the instrumentation
data can be found in Appendix G. The following paragraphs will describe each
instrument installation.

9-02. utle t Instrumentation. The outlet shaft instrumentation

consisted of 3-position extensometers, rockbolt load cells, and total pressure

load cells designateo for installation at three elevations -- 604 (35-foot
depth), 575 (64-foot depth), and 550 (89-foot depth). However, since bonding

rock anchors would be difficult in the clay-like weathered shale at elevation

604, the rockbolt load cells planned for that elevation were installed in
unweathered clay shale at elevation 596. Also,, to accommodate concrete pours
for the permanent shaft liner, the total pressure load cells planned for
installation in pairs at elevations 604, 575, and 550 were actually all

installed at elevation 564.

Four, 26-foot long, multiple position borehole extensometers (MPBX) were
installed horizontally and 90 degrees apart at each of the three designated

elevations -- 604, 575, and 550. These were 3-position MPBXs having three
measurement rods anchored successively at depths of 3 feet, 11 feet,, and 26
feet. The rods were cemert grouted into a 27-foot deep, 3-inch diameter

borehole. The outer ends of the rods were encased in an electrical sensor

head installed in a 1-foot diameter by 2-foot long blockout in the shaft wall.

These instruments were designed to measure any horizontal movements in the

surrounding ground.

Four, 1-inch diameter, 39.5-foot long rockbolts with load cells (RBLC) were

installed horizontally and 90 degrees apart at each of three elevations --

596, 575, 550. These installations were offset 45 degrees from the MPBX

locations. The back 19 feet of the rockbolt was anchored with a two-component

resin grout in a 1 5/8-inch diameter hole. The outer 20 feet of the bolt was

unbonded in a 3-inch diameter section of the boring, this part of the bolt was

wrapped with two layers of bituminous tape and covered for 18 fee- with 2-inch
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diameter PVC pipe. The outer 6 inches of the bolt extended through a 1-inch
thick steel bearing plate into a 1-foot diameter blockout cut into the outer
foot of the shaft wall. This outer end of the bolt was mounted with a load
cell which wns wired for electronic readings and secured with an outer seating
nut. ie purpose of the RBLCs was to detect rock loads or stresses developing
in the shaft walls.

In addition to the HPBXs and RBLCs installed in the surrounding rock , total
pressure load cells were installed at the outer edge of the permanent concrete
liner. Whereas the other instruments detected movements and loads within the
ground, the total pressure load cells were designed to determine stress
developments on and within the permanent liner. There were 6 total pressure
load cells installed at elevation 564 (75-foot depth) on 60 degree spacings.

9-03. Tunnel Instrumentation, The tunnel instrumentation was designAted for
installation at Station 143+75 and Station 158+47. The instrumentation
specified for each station consisted of a 6-position KPBX, one RBLC, three
total pressure load cells, three reinforced concrete strain meters, and eight
tape extensometer eye bolts In addition, 18 survey reference/displacement
markers were installed on the ground surface between Stations 143+00 and
145+00. Also included with the instrumentation program were 56, 8 foot deep
borescope observation holes drilled adjacent to the instrument stations.

A 6-position MPBX was installed in a surface boring above the tunnel at each
of the two instrument stations. These HPBXs had six measurement rods cement
grouted into 3-inch diameter borings which extended to within three feet of
the tunnel crown. The rods were anchored at depths of 60, 80, 89, 99, 107,
and 111 feet in a 113-foot deep boring at Station 143+75, and at depths of 64,
84,, 94, 104, 111, and 116 feet in a 117-foot deep boring at Station 158+47.
The upper ends of the rods were encased in an electrical sensor head installed
in a 10-inch diameter by 3.0-foot deep manhole. The purpose of these MPBXs
were to measure any vertical movements over the tunnel excavation.

A 1-inch diameter 39.5-foot long rockbolt with load cell was specified for
both tunnel instrumentation stations. These RBLCs were constructed in the
same manner as those described for the outlet shaft except for a few changes
at the Station 158+47 installation. This RBLC was 45 feet long, and had a
5-inch diameter boring with 25 feet of cement grout anchorage. Both RBLCs
were installed through the tunnel liner at about 15 degrees west of the crown
center line. Like those in the outlet shaft, these instruments were intended
to detect rock loads or stresses developing in the tunnel wall.

Three total pressure load cells and three reinforced concrete strain meters
were installed at each instrumentation station. These instruments were
installed on a 120 degree spacing around the tunnel liner with a 2-foot offset
from the center line. At each location a total pressure load cell was
installed in a blockout at the back of the liner with a reinforced concrete
strain meter embedded within the liner concrete at the same position. The
purpose of these instruments was to detect load distributions and stress
developments on and within the liner.
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Tape extensometer eye bolts were installed at both instrumentation stations
S for liner convergence measurements between opposing reference points. There

were 8 reference points at each station spaced from the center line at 45
degree intervals. At Station 143+75 an eye bolt was installed at each of the
8 reference points; however, only 6 eye bolts were installed at Station
158+47, since the fan line and muck hauling tracks blocked the crown and
invert points respectively.

Although no measurable surface movements were anticipated or actually
occurred, survey reference points were established on the ground surface above
the tunnel to document that such expectations were valid. There were 18
survey reference points established between tunnel Stations 143+00 and Station
145+00. The top of the hydraulic instrumentation shaft at Station 143+00 and
the top of the MPBX at Station 143+75 were established as two of the points.
Monument spikes having 3/8-inch square shanks were used for 6 of the points
which were located on an asphalt paved driveway. The remaining 10 survey
points were in unpaved areas and consisted of a 3/4-inch bar, 4 feet long,
driven to flush with the ground surface.

Borescope observations were made in seven 8-foot deep by 3-inch diameter
borings cored at each of eight stations along the tunnel alignment. The first
set of 35 borings were drilled at Stations 143+63, 143+71, 143+79, 143+87, and
143+95. The second set of 21 borings were drilled at Station 158+39, 158+47,
and 158+55. The borings were cored by a Watson drilling rig mounted on the
liner erector arm at the back of the tail shield. The erector arm rotated the
drill to each of the seven circumferential locations which were on 45 degree
spacings with the centerline invert position omitted. The borings were
drilled through holes cut in the tail shield and in the cut away shield
section below springline. The tunnel face was about 37 feet upstream from the
borescope holes during the investigations. Both sets of borings were viewed
by Woodward-Clyde and Government representatives with a borescope, and
photographs were taken of fractures with a 35 mm camera attached to the
borescope. The second set of borings near instrument Station 158+47 was
viewed by the Government with a down-hole video camera.

The first set of 35 borings between Station 143+63 and 143+95 were drilled and
investigated between December 23, 1988 and January 5, 1989. Fractures were
found in 10 of the 35 borings. The fractures ranged in width from 0.02 inches
to 1.6 inches and were mostly along the nearly horizontal bedding planes. All
fractures but one were above springline.

The second set of 21 borings between Stations 158+43 and 158+59 were drilled
and investigated from March 20 through March 22, 1989 Fractures were
observed in 5 of the 21 borings. The fractures ranged in thickness from 0 025
to 1.5 inches, and were mostly along the nearly horizontal bedding planes.
Fractures were observed in all three crown borings, in one springline boring,
and in only one boring below springline.

See Woodward-Clyde's illustrations, data plots, and detailed evaluation of
this instrumentation program in Appendix G.
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FOUDATION MBMX A27A

The Taylor Formation proved to be a competent tumeling medium, and should
cause no future problems. rhe clay shale was soft enough to excavate easily,
and yet, stood well throughout most of the excavations. There were some minor
crown fallouts or block settlements in rhe downstream half of the alignment,

particularly in the first 700 feet from the outlet where the tunneling rate
was slow. However, the surrounding rock and annular pea gravel have been well

consolidated by grouting. This gives a solid, uniform radial contact between
the ground and the tunnel liner to insure that no differential pressures
develop. The tunnel liner has been designed for potentially high radial swell

pressures, and no problems are anticipated.

Due to the expansive nature of the clay shale in places, an effort was made to
keep the excavated surfaces dry to prevent moisture induced swelling.

However, it was inevitable that some of the rock would be exposed to water
from grout bleed-off or unforeseen spillage. There were two particular places

along the alignment where the formation was notably wettei, Station 166+22 to

179+82 and in the vicinity of Station 178+49.

The section of tunnel rock between Stations 166+22 and 179+82 was not
subjected to a large quantity of water, but remained damp or wet through most
of the construction period. The night shift crew during excavation reported

that the TBM seemed to hit something hard in this area, and it was speculated

that the cutterhead may have clipped an artesian water well that barely
intersected the tunnel bore. However, no sign of a well was observed in the

tail shield cut-away section below springline. It is rather plausible that

the wetness observed in this area was bleed-off water from the grouting

operation. Seepage never flowed at any appreciable rate, but wetness would
ooze from small water accumulations in the liner grout holes. This slow

seepage could well have been grout bleed-off water trapped behind the liner in

a pea gravel pocket between grouting zones. The area was grouted twice to

insure that all formation fractures were sealed; there was no grout take in

the second attempt which indicated that the rock and liner annular space were

tight. Although this reach of tunnel rock was wetted for an extended time,
the ultimate development of swelling pressure will depend on the expansive

clay content at this particular location and the amount of swell dissipation

into available openings. In any case, the tunnel liner is designed to support

the anticipated swell pressures.

Another section where the tunnel rock was subjected to notable wetting was a

reach extending approximately 200 feet to each side of Station 178+49. An

abandoned artesian water well was severed by the TBM at Station 178+49 The

ground was exposed to well leakage unt-i the liner annular space was grouted

past the site after the IBM had proceeded 200 feet beyond it This delay was

necessary to allow the TBhM trailing gear to pass. The partially sealed well

leaked only about 2 gallons per minute, but proved quite difficult for the

contractor to plug (see Section 3-02, e ). When the liner annular space was
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grouted, a hole was left in the liner for a well outlet. Therefore, the well
continued to leak inside the tunnel liner for about 5 months, and sce seepage
no doubt migrated along rock fractures behind the liner. The well was
eventually plugged and the surrounding ground grouted, but the rock formation
in this area had been subjected to considerable wetting. Nevertheless, little
or no swelling is expected in this section because it is in the lower more
calcareous portion of the formation; this usually means a correspondingly
lover clay fraction with less significant amounts of expansive clay minerals.
Also, as stated above, the tunnel liner is designed to support anticipated
swell pressures.

There were no serious problems with the geologic conditions encountered by the
tunnel and shaft excavations. The notable occurrences mentioned above are
documented herein only as information which may have some unforeseen
significance at a later date. No future foundation problems are anticipated.
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PART XI

RECORD OF FOUNDATION INSPECTIONS
AND GEOLOGIC DOCUMENTATION

Rock exposures in all shaft excavations were inspected, mapped or logged, and

photographed by a geologist. The excavated tunnel bore was observed
periodically by the geologist at the tail shield cut-away section below
springline. However, no attempt was made to map the tunnel rock due to
incomplete exposure, congested working area, and the generally massive,

larsaly featureless character of the rock in this area. The formation was

generally soft to moderately hard, massive rock that excavated smoothly and

presented few difficulties. The following is a list of mapping and logging
dates during the excavation of each shaft:

Depth Interval

Feature Date Mapped or Logged Geologist

Hydraulic Inst. 25 APR 88 Logged to 119.2 R. Burns
Shaft SP-1

Hydraulic Inst. 28 APR 88 Logged to 107.0 R. Burns
Shaft SP-5

Vent Shaft 2-4 MAY 88 Logged to 117 0 R. Crutchfield
SP-4

Vent Shaft 11-13 MAY 88 Logged to 121.0 R. Crutchfield

SP-2

Maintenance 9 MAY-11 AUG 88 Logged to 122.0 Burns-Crutchfield

Shaft SP-3

Outlet Shaft 29 JAN 88 0.0 to 12.0 R. Crutchfield

(Mapped) 9 FEB 88 12.0 to 16.0 R. Crutchfield

12 FEB 88 16.0 to 20.0 R. Crutchfield
16 FEB 88 20.0 to 24.0 R. Crutchfield

19 FEB 88 24.0 to 28.0 Burns-Crutchfield
23 FEB 88 28.0 to 32.0 Burns-Crutchfield

29 FEB 88 32 0 to 37.0 Burns-Crutchfield

2 MAR 88 37 0 to 41.0 Burns-Crutchfield

16 MAR 88 41.0 to 45.0 Burns-Crutchfield

25 MAR 88 45.0 to 50.0 Burns-Crutchfield

29 MAR 88 50 0 to 55.0 Burns-Crutchfield

I APR 88 55.0 to 60.0 Burns-Crutchfield

5 APR 88 60.0 to 63 0 Burns-Crutchfield

8 APR 88 63.0 to 67 0 Burns-Crutchfield
13 APR 88 67.0 to 72 5 Burns-Crutchfield

15 APR 38 72.5 to 77 0 Burns-Crutchfield
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Depth Interval
Feature Date Mapped or Logged Ceologist

Outlet Shaft 20 APR 88 77.0 to 82.0 Burns-Crutchfield
(sapped) cont. 22 APR 88 82.0 to 85.0 Burns-Crutchfield

5 MAY 88 85.0 to 91.0 Burns-Crutchfield
11 MAY 88 91.0 to 95.0 Burns-Crutchfield
17 MAY 88 95.0 to 99.0 R. Crutchfield
26 MAY 88 99.0 to 107.0 R. Burns
6 JUN 88 107.0 to 111.0 Burns-Crutchfield

13 JUN 88 111.0 to 117.0 Burns-Crutchfield
1 JUL 88 117.0 tc 122.0 R. Burns
8 JUL 88 122.0 to 126.0 R. Crutchfield

23 JUL 88 126.0 to 131.0 R. Crutchfield
29 JUL 88 131.0 to 135.0 R. Crutchfield
4 AUG 88 135.0 to 140.0 R. Crutchfield
8 AUG 88 140.0 to 146.0 R. Crutchfield

Inlet Shaft 11 OCT 88 0.0 to 4.0 R Crutchfield
(mapped) 13 OCT 88 4.0 to 13.0 R. Crutchfield

15 OCT 88 13.0 to 17.0 R. Crutchfield
18 OCT 88 17.0 to 21.0 R. Crutchfield
6 JAN 89 21.0 to 25.0 R Crutchfield

17 JAN 88 25.0 to 30.0 R. Crutchfield
20 JAN 88 30.0 to 34.0 R. Crutchfield
25 JAN 89 34.0 to 40.0 R. Crutchfield
2 FEB 89 40.0 to 45.0 R. Crutchfield
9 FEB 89 45.0 to 53.0 R. Crutchfield

15 FEB 89 53.0 to 62.0 R. Crutchfield
23 FEB 89 62.0 to 67.0 R. Crutchfield
7 MAR 89 67.0 to 71.0 R Crutchfield

23 MAR 89 71.0 to 79.0 R. Crutchfield
31 MAR 89 79.0 to 87.0 R Crutchfield
20 APR 89 87.0 to 92.0 R. Crutchfield
2 MAY 89 92.0 to 96.0 R. Crutchfield

16 MAY 89 96.0 to 100.0 R. Crutchfield
31 MAY 89 100.0 to 103.0 R. Crutchfield
19 JUN 89 103.0 to 115 0 R Crutchfield

TBM Hole-through 13 JUL 89 115.0 to 118.6 R. Crutchfield
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Photographs
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View northeast across initial 12-foot deep excavation of
San Pedro Creek Outlet Shaft. Rib and lagging collar in
left background.

29 Jan 88 San Pedro Crk Tunnel Photo No. I

View northeast into initial excavation for San Pedro Creek
Outlet Shaft.

29 Jan 88 San Pedro Crk Tunnel Photo No. 2

EXHIBIT 1
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View southwest into San Pedro Crk Outlet Shaft to elevation

622, 17-foot depth.

9 Feb 88 San Pedro Crk Tunnel Photo No. 3

View southwest into San Pedro Cck Outlet Shaft to elevation

618. 21-foot depth. Alluvial ground-water inflow began at
elevation 620.

12 Feb 88 San Pedro Crk Tunnel Photo No. 4

UXIBIT 2
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View northeast showing weathered clay shale between
elevations 611 and 607 (32-foot depth) in San Pedro
Crk Outlet Shaft.

23 Feb 88 San Pedro Crk Tunnel Photo No. 5

View southeast in San Pedro Crk Outlet Shaft showing the
contact between weathered and unweathered clay shale at
elevation 599, 40-foot depth.

2 Mar 88 San Pedro Crk Tunnel Photo No. 6

F]hIBIT 3



CORPS OF ENGINEERS U. S. ARMY

35-oi deth inSnPdoCee ultSat

3~~ ~ ~ Ma 88SnPdoCk unlPooN .7

- ii

4NW

A-- --- - ..-- -._--

* 3-position extensometer, MPBX, installed at elevation 604,
' 35-foot depth, in San Pedro Creek Outlet Shaft.

: 3 Nar 88 San Pedro Crk Tunnel Photo No. 7

Drilling hole for installation of rock bolt load cell. RBLC,
at elevation 596, 43-foot depth in San Pedro Creek Outlet
Shaft.

18 Mar 88 San Pedro Crk Tunnel Photo No. 8

EXHIBIT 4



CORPS OF ENGINEERS U S ARMY ,

3-position extensometer, MPBX, installed at elevation 604,
35-foot depth, in San Pedro Creek Outlet Shaft.

3 Mar 88 San Pedro Crk Tunnel Photo No. 7

Drilling hole for installation of rock bolt load cell. RBLC,
at elevation 596, 43-foot depth in San Pedro Creek Outlet
Shaft.

18 Mar 88 San Pedro Crk Tunnel Photo No. 8

EXHIBIT 4



CORPS OF ENGINEERS U. S. ARMY

10-Ton pull-out test on rock bolt for load cell at elevation
596, 43-foot depth, in San Pedro Creek Outlet Shaft. Test by
Woodward-Clyde Consultants.

18 Mar 88 San Pedro Crk Tunnel Photo No. 9

Close-up view of gauge to measure rock bolt movement in 10-Ton
pull-out test shown above.

18 Mar 88 San Pedro Crk Tunnel Photo No. 10

EXHIBIT 5
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Grouting alluvial aquifer through lagging in San Pedro Creek

Outlet Shaft. Bottom of shaft at elevation 598, 41-foot depth.

9 Mar 88 San Pedro Crk Tunnel Photo No. 11

View northeast in San Pedro Creek Outlet Shaft showing soft,

massive, unweathered clay shale between elevation 598 and

594, 41- to 45-foot depths.

ii 16 Mar 88 San Pedro Crk Tunnel Photo No. 12

FIUIBIT 6



CORPS OF ENGINEERS U S. ARMY

Man-cage being lowered by crane into San Pedro Creek Outlet
Shaft, bottom of 49-foot depth.

25 Mar 88 San Pedro Crk Tunnel Photo No. 13

Geologist examining soft, massive, unctuous clay shale in
the outlet shaft betwen elevation 594 and 590 45- to 49-
foot depths.

25 Mar 88 San Pedro Crk Tunnel Photo No. 14

EXHIBIT 7



CORPS OF ENGINEERS U S ARMY

Concrete delivered for shotcreting in San Pedro Creek Out-
let Shaft.

25 Mar 88 San Pedro Crk Tunnel Photo No. 15

Application of 8 inches of shotcrete over two layers of
wire mesh as primary support at elevation 590, 49-foot
depth in outlet shaft.

25 Mar 88 San Pedro Crk Tunnel Photo No. 16

EXHIBIT 8
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'ie;; southwest into audet shaft showing ba2ckboe e~cavatiofl

29 Kar 88 San Pedro CkTne Photo -Nc--.!

View of backhoe being hoisted out of outlet shaft from

el2vation 576, 63-foot depth.

5 Apr 88 San Pk~ro Crk T-irnel Photo No. 18

EXHIBIT 9
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View southwest into outlet shaft showing backhoe eycavat ion
at elevation 585, 54-foot depth.

29 Mar 88 San Pedro Crk Tunnel Photo No. !7

View of backhoe being hoisted out of outlet shaft from
elevation 576, 63-foot depth.

5 Apr 88 San Padro Crk Tun'nel Photo No. 18

EXHIBIT 9
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i

View southeast in outlet shaft shoving soft, massive,
unctuous clay shale between elevation 585 and 581, 54- to
58-foot depths.

1 Apr 88 San Pedro Crk Tunnel Photo No. 19

View northeast along southeast wall of outlet shaft showing
close-up of the clay shale at the 54- to 58-foot depth.

I Apr 88 San Pedro Crk Tunnel Photo No. 20

EXHIBIT 10
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Testing support rock bolts at elevation 557 on east side of
San Pedro Creek Outlet Shaft.

5 Jun 88 San Pedro Crk Tunnel Photo No. 21

Roadheader beginning excavation of horizontal transition
from outlet shaft to tunnel at elevation 533 to 522, 106- to
117-foot depth.

13 Jun 88 San Pedro Crk Tunnel Pboto No. 22

K __X___IT 11
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View upstream of transition crown excavation in outlet shaft,

showing Ribs E to P.

23 Jun 88 San Pedro Cr! Tunnel Photo No. 23

Upstream view of crown excavation in outlet shaft transition

showing Ribs D to P.

23 Jun 88 San Pedro Crk Tunnel Photo No. 24

EXIBIT 12
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View of west side of crown excavation in outlet shaft
transition, showing Ribs E to J.

23 Jun 88 San Pedro Crk Tunnel Photo No. 25

Cribbing support above Ribs I and J where 6xx.51slab of
rock fell from crown.

23 Jun 83 San Pedio Crk Tunnel Photo No. 26

EXhIBIT 13



CORPS OF ENGINEERS U. S. ARMY -

View of steel rib and shotcrete supported crown of outlet
shaft transition after vertical shaft excavated another
5 feet to elevation 517.

1 Jul 88 San Pedro Crk Tunnel Photo No. 27

View of backhoe center notch excavation to springline in
outlet shaft transition.

11 Jul 88 San Pedro Crk Tunnel Photo No. 28

EXHIBIT 14



CORPS OF ENGINEERS U S. ARMY

Roadheader in San Pedro Creek Outlet Shaft in preparation
to excavate for setting transition ribs to springline,
elevation 511.6.

12 Jul 88 San Pedro Crk Tunnel Photo No. 29

Roadheader excavation to springline at Rib F on west side
of outlet transition.

12 Jul 88 San Pedro Crk Tunnel Photo No. 30

EXHIBIT 15
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St

View northwest of outlet shaft transition excavated to

springline, elevation 511.6

12 Jul 88 San Pedro Crk Tunnel Photo No. 31

View of roadheader cut to springline at Rib F on west side

of outlet transition. Note shallow desiccation fractures

in center photo.

12 Jul 88 San Pedro Crk Tunnel Photo No. 32

EXHIBIT 16
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View northeast of ontlet shaft transf.ion excavated to
springline, showing Ribs K to P. Excavation in soft
to moderately soft, massive clay shale.

20 Jul 88 San Pedro Crk Tunnel Photo No. 33

View of tunnel end of outlet shaft transition excavated
to springline, elevation 511.6.

20 Jul 88 San Pedro Crk Tunnel Photo No. 34

EXHIBIT 17
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View north of outlet shaft transition excavated to invert,
elevation 490. Some fracturing in lower 10 feet of
excavation.

10 Aug 88 San Pedro Crk Tunnel Photo No. 35

-0-

View upstream along fully excavated outlet shaft transition,

60 feet in length.

12 Aug 88 San Pedro Crk Tunnel Photo No. 36

EXIBIT 18
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View southwest of drilling of vent shaft at Station 158+14
near Durango Street.

13 May 88 San Pedro Crk Tunnel Photo No. 37

View northeast of grouting of anchor rods for 6-position
extensometer at Station 158+47 near Durango Street.

19 Jul 88 San Pedro Crk Tunnel Photo No. 38

EXHIBIT 19
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View south of Beck Foundation Company drilling maintenance

shaft through upper ring of concrete soldier piers.

14 Jul 88 San Pedro Crk Tunnel Photo No. 39

Drilling of maintenance shaft with 6-foot diameter pilot bore
and reaming blades to full diameter of 22 feet, 4 inches.

14 Jul 88 San Pedro Crk tinnel Photo No. 40

EXHIBIT 20



CORPS OF ENGINEERS U S ARMY

Modified Robbins Model 243-217 tunnel boring machine, TBM,
at Boretec, Inc. work yard, 5797 Dietrich Road, San Antonio,
TX.

27 Sep 88 San Pedro Crk Tunnel Photo No. 41

TBM as modified by Boretec from hard rock machine to soft
rock machine (26' 11" dia).

27 Sep 88 San Pedro Crk Tunnel Photo No. 42

EXHIBIT 21
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Ii

View of back of TBM showing gripper pad on right side and
liner erector to the right of the ladder.

27 Sep 88 San Pedro Crk Tunnel Photo No. 43

Rearview of TBM being renovated and modified after shipment
from the Kerckhoff 2 Tunnel near Fresno, California.

27 Sep 88 San Pedro Crk Tunnel Photo No. 44

EXHIBIT 22
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View of TBM being reassembled in San Pedro Creek Outlet
Shaft.

2 Nov 88 San Pedro Crk Tunnel Photo No. 45

TBN parts were transported from Boretec yard and re-
assembled in outlet shaft.

2 Nov 88 San Pedro Crk Tunnel Photo No. 46

EXHIBIT 23
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Installation of supporting frame for muck elevator in
San Pedro Creek Outlet Shaft.

3 Jan 89 San Pedro Crk Tunnel Photo No. 47

View upstream into first curve from about Station 144+50
in San Pedro Creek Tunnel.

9 Feb 89 San Pedro Crk Tunnel Photo No. 48

EXHIBIT 24



CORPS OF ENGINEERS U S ARMY

Grout batching in outlet shaft for backpack grouting of
tunnel liner.

1 Mar 89 San Pedro Crk Tunnel Photo No. 49

Batching of neat cement grout at a 1:1 water to cement
ratio by volume.

1 Mar 89 San Pedro Crk Tunnel Photo No. 50

EXHIBIT 25



CORPS OF ENGINEERS U S ARMY

View upstream at grouting jumbo at about tunnel Station
145+00.

1 Mar 89 San Pedro Crk Tunnel Photo No. 51

View downstream toward outlet shaft from top of grouting
jumbo at about Station 145+00.

1 Mar 89 San Pedro Crk Tunnel Photo No. 52

L ... . XHIIBIT 26
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Drilling borescope hole B-5 through TBM tail shield at
tunnel Station 143+71,

28 Dec 88 San Pcdro Crk Tunnel Photo No. 53

Core sample of clay shale taken from borescope hole B-6
at tunnel Station 143+71. Borescope holes were drilled to
a depth of about 8 feet.

28 Dec 88 San Pedro Crk Tunnel Photo No. 54

EXHIBIT 27
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Borescope observation for stress relief fractures in hole
B-5 at tunnel Station 143+71.

28 Dec 88 San Pedro Crk Tunnel Photo No. 55

Down-hole video taping borescope holes at tunnel Station
158+39.

22 Mar 89 San Pedro Crk Tunnel Photo No. 56

EXHIBIT 28
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View of precast liner segments prepared for erection at back
of TBN at Station 157+38.

16 Mar 89 San Pedro Crk Tunnel Photo No. 57

View downstream along TBM trailing gear. Muck car being
loaded in background.

16 Mar 89 San Pedro Crk Tunnel Photo No. 58

___________EXHIBIT 29
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Upward view through TBM trailing gear at Station 158+14
vent shaft intersection in tunnel crown.

20 Mar 89 San Pedro Crk Tunnel Photo No. 59

Wood lagging and W6x20 steel sets in tunnel crown at
Station 158+14 vent shaft intersection.

20 Mar 89 San Pedro Crk Tunnel Photo No. 60

XIBIT 30
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I.

Abandoned water well intersected by TBN at tunnel Station
178+49. Well was partially plugged but produced a steady
flow of 2 gpm.

17 May 89 San Pedro Crk Tunnel Photo No. 61

Abandoned water well at Station 178+49 prepared for grouting.

17 Oct 89 San Pedro Crk Tunnel Photo No. 62

EXHIBIT 31
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View upstream toward grout batching plant at Station
158+14, vent shaft location.

17 May 89 San Pedro Crk Tunnel Photo No. 63

View downstream toward outlet shaft in background.

17 May 89 San Pedro Crk Tunnel Photo No. 64

EXHIBIT 32
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View south at construction of water protection cell to
prevent flooding of inlet shaft excavation.

3 Oct 88 San Pedro Crk Tunnel Photo No. 65

View southeast at San Pedro Creek Inlet Shaft surrounded
by water protection cell.

2 Nov 88 San Pedro Crk Tunnel Photo No. 66

EXHIBIT 33
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Excavation of upper 21 feet of inlet shaft and reinforcement
for rhombus shaped concrete temporary surface structure.

2 Nov 88 San Pedro Crk Tunnel Photo No. 67

View into Inlet shaft from northeast wall. Bottom of
excavation at elevation 583, 40-foot depth.

2.) Ian 89 San Pedro Crk Tunnel Photo No. 68

F-XHIBIT 34
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View northwest in inlet shaft showing very limy, moderately
hard to hard, clay shale of the M-3 Stratigraphic Marker Bed.
The bottom of the concrete is at the top of the M-3 bed,
elevation 583.

2 Feb 89 San Pedro Crk Tunnel Photo No. 69

View northwest in inlet shaft showing moderately hard to
hard, massive, very limy clay shale between elevations
556 and 552, 67- to 71-foot depth.

7 Mar 89 San Pedro Crk Tunnel Photo No. 70

EXUIBIT 5
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View southwest in inlet shaft excavated to elevation 536,
87-foot depth. Upper rock is very limy and harder than
the less limy rock in the lower photo.

31 Mar 89 San Pedro Crk Tunnel Photo No. 71

View southeast toward inlet shaft undercut for tunnel
intersection. Shft excavated to elevation 527,, 96-foot
depth.

2 May 89 San Pedro Crk Tunnel Photo No. 72

EXHIBIT 36
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TBM hole-through in San Pedro Creek Inlet
Shaft.

13 Jul 89 San Pedro CAk Tunnel Photo No. 73

1131311 37



APPENDIX B

Tunneling Progress Charts



4
SAN PEDRO CREEK TUN!AEX L

4,, POG3RE SS CHART AS__AT_ 17 J9U Y & 69

L*8

__j ______________

---3 -i= CPc 4:P -':- :, ~

Notes: 1. Day 490 was 7 Mar 89 -Scheduled Completion Date.
2. The San Pedro Creek Tunnel is 584:3 feet long.
3. Hole through was at 1905 hours on 13 Jul 89.
4. Tunnel excavation was completed on 17 Jul 89.

M4ACIINIE DATAr PROGRZESS

Manufactured By: ROBBINS. Average: 30 ft per woriig (Jay.
Model: 243-217/Modified. Target : 60 ft per working day.
Weight: 550 tons.
Length: 38 feet.
Thrust: 2,640,000 lbs.
Cutters: 57 Disco, 2 B1-Discs in Centre. Pick option.
Rotation By: Ten 200 HP, 460 V AC Motors.
Guidance: Laser Beam.
Waste Disposal: Trailing Conveyor & Train,.

CONTRACT DA2!

Contractor tOHBAYASHI CORPORATION
South San Francisco

Contract No :D.CW63-87-C-0109

Bid :$47,750,000.40

Acknowledged: 3 Nov 87

OO.1



10

lowo

7S00

600-

ODD

0. 0 1 i 4 1 --- +--4 +-44------- 4 14 4-- -
1 3 5 7 9 11 13 15 17 IQ 21 73 75 27 79

NOVEMWER 1996

B-2



l3w

14DD

13DD

12w

I0D0

700

400

300

200

100 IEM ALUsIMENI

0 -+-+--I-4-+-+-*-----4-----~ - ~-4- l-4--1 -1 - II
1 3 5 7 2 11 13 19 17 IQ 21 11 2 0~

DEEMF0R 14-

B-3



1400

l1l

DD

4DO

300

200

TE

IDD

t 3 5 7 9 11 13 IS 17 10 21 23 21, 7 2
JANULARF I)RQ

B-4



-low

lowE~L ~f~~ ~m

£VI-

3D 120D0

1100

OO

?D0 GRACE LAYING CRANE DOWN

SODD

MDG WEATHER

500

D00 - + I i i I i iI -f-+-4-----4-I--I-4- II- 4-
1 3 5 1 1 11 13 V; 171 9I 21 25 7" 27

FEBRLIAgf 1000

B- 5



23113-

212L.0

13.5

0PIT WORK A

1317L0

1167.5

kAE W

1 3 5 1 0 I 13 I5 17 10 21 23 75 77 2Y 31
MARCH 1MP!

B-6



mvto 4- - - _-,- m-,=-. - - -- -' ='= -

2825.D

2637.5

245.0 ,

'-'--4

2262.5 /

Z07LD0

1557.5

970110 I I I I I I I------i------- I---I--t i - I II t lt
1 3 5S 7 5 II 1.3 1'i 1; II; 7l 'i ?. '7 70r

AM-? IL19

B-7



41115

3525MD

336.5 -

B-8

6L/



400

A/

40D0

41DO

45D00AVWR

4300 /

4500,o /

/~/

420D

4100

4000

3100

350D - -- I-.--.I--I---- - 4- 4-1 -fI-- I - I -I I i I
1 3 1 7 1 11 13 11 17 1 71 77

JUNIF 14"
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..o. ;.,. "*I .

- ~ -~ PEA. GRAVEL6 AND GWXROLICjI(II.4I1 tiesi - srv1 1II;,i

"£ '# Pea Gravel r.-uul

Mee ]td Kij.n Delivere DeJ ,,y-red per uissw0 Ih-I ire..-4,, 1-1 im!,

Placed tonIsI is ft cm t Irise IC--'* It tfl I eI i iis-_

Dec -4 9 0 s tt 4 1

Dec 11 9 109 2291 2.51Dec " A 0 to0
Dec 5 : 8 3" 821 ]ilJan'"-,!1 "- $ 0

Jan: R a S 42 So8 l11 0 '
Jan 15-' 21 64 1347 61 to is

Jan -22 19 63 1326 7, u ,
Jan.r': 29 19. 42 884 4; o
Feb' .'5 37 81 1705 16 -;
Feb,' :12 :Z .29 84 1768 61 300 1 l
Feb4- 19 i. -4 41 863 216 -165 116

-Feb 46 48 42 81 1$ 585 12
Mar- 5 53 201 4231 HO! 779 15
Mar12 - 59 191 4021 6H K;99 121
Mar 19 67 65 1368 (1 916 II
Mar26 7 0 0 it 31"-9 191
Apr -2 41 124 2610 ; I.I.10 i06
Apr .9 101 123 2581 ; IV1 Ii
Apr 16 - 31 0 I 0 1ZX6 2:1K
Apr 23 69 131 275H 4t, :472 55
Apr 30 55 0 0 ii i1" I
bay 7i 79 134 2905 .17 2119 "i
Hay 14 80 231 -1816.3 1i .12.1I 1 it
May. 21 63 215 1526 71 I29 1 69
May 28 46 61 1281 4 11011 21 1
Jun 4 10 0 If 11 0 0
Jun 11 73 211 1505 f,4" .27,7 I
Jun 18 69 130 2737 I.1 1 1I 21
Jun 25 102 211 .-071 St 716

1ABLE I WLLKkLI DJAIA

i'ENI (I at'e. L (;t'(ollI

Month Rings Deli vered Ier Hji ml D, Ii .''r l I.en 11igsl
Placed cu ft cu ftl/rilC i.1 .Itl ft /tljltg

27 Nov I Jan 31 3115 100 0 i
2 Jan - 29 jan 67 4442 .6 (1 0

30 Jan -'26 Feb 118 5220 111 I.50 II
27 Feb - 2 Apr 227 12230 54 14L)24 15
3 Apr - 30 Apr 256 5J7 21 10711 1..

1 May -,28 May 268 13577 51 10717 4')
29 May - 25 Jun 254 1231 I 746f; 2H4

TOTALS: 1221 562 1; It, 411,17 :th f I

TAIIL " 2 *:. 4' 4111A I AIAA

NOTE: 1. The average gro t Iigut,' .',tilul""v 1111 I i , lilli .l itl-.4

* C-1



INSPECTION OF LINER GROUT4NO

I Se i

72

IO

| c II / I !

g'oi. l; ICIO..

- I'i J .. i .1"

1 2 4: ° , ° ° . ' ' . ' , , 1 0 G

-' . -- -- I -- "

223708.1 2*

5 5. I irSI S i S i'I 'IS " I:' ;- -_

SiI ' I -

150 crohn i _ :

lit CII. [ I '° Ii . I~S - I

252 Cr I iSq "1 I l*'  I I-] -

(C-2



S:.* •M5S U*

SUII I I I

* Stp~t~w It

I Wui. rest

S IC I . -... I
t" L_

U, 1 - '7 S'

157

_c -------. t n _

it !, l C-OS, I. ,,re si 5 I
III x ;:Ou: g l oloe lsoe1

1S9 h 2

C-3



4

7' It

* : ty,.fma Il I '\ B

y: la1 ]te, o! 
s 
Ot

FS Fustoft / Olfe sos

," " 
o

7 0 1

114 4' 0 3 S2's

1 4 I , IF - F l ly l i
F ------ i

174 10 VOWle badly 1

t, --- ---E 1 7
179 2' 1

17 li r'.-.. S ! 1 -

I I I
17 9 s lOt! 5 ITS-I=

10 L . . . . . . . .- . . . .-
l

4 12 Z-

C-4



C, Ct .Ie Meastler
Is Wort ISialern .1 F^E!
SS abl, t- IKaTI

Ibis layer 9,01l 12

SCulk i I I

Deri SSOC. 9,9

* ActasI mlisted dotth of cotT ki~t

SIFT I! s11

635 A 11 -'' F - 1I' 77S

685 10

690 25 c I TIs 1

690 1IF TV

692 2c

Is6966

695 9 0rg G" , empt NT vasItnC

C-5



fo I0.s1all .11 1tW.1

S Phale LOIIIISS

O Styaolra wO 9

Mebris , preet
Actfal "Iasaed deth of corr bole

700 A 4

700 7 u l
700 10 Illh:1o tthole nosty ep~t IQ, S' Pog

705 2C s $ 210 c 2057 -

7025s

705 S

15 11 r

710 35 g s g 1 l 1 7 25G

710 6 3 l l

710 9 Nr groat

710 12tS

C-6



S4

Ilt - peassem 7 /5* : out vie instia

GS:Grmt / skate I *rRE
S r Slaie L TlOiO
i: 14 laerre t

0 : Stpretae I 9
N Debris . grout
I Aerial Masa'ro depth of core ble

ta aTl l i si 'ltI I lt,

tilt I~iIii~~1ii
lilt 1

lilt 10 Core fell apart Evidence of groat l 2 shale

Ilk 2T ,

iI , [ . . . segment only

115ato e In gro t hole

S t "inlcoplete core (I' oly)

tilt 6 .

ti|l t2 E:: =

C-7



C rlemt e I~asle 2 \ / 5

J 111 Sell: I eat. R
S - Srle local lot

In Tki layer gret 12 

II~ et "- IkSoS

OrSly..w 10
0I r Se.out II o\u

N OsiJris . greait

cteal geasolid depth of core hole

"" !P~i spoet__o i!t lPUC!KS

1116 0

11l 10 Core fell apart Evidence of grout .1u peiStur.

1201 2C

1201 S

1201 8 Core tociodod tegeent only

L . J rOtut to grout hole

t2ot I1I st S,, et only fr... of out

iota IIE]Z
1206

1206 1 s~J egment olt go grout

1201 12

C-8
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Drilled Shaft Logs



........ out° .. l.,* 'r 'o .*, :

UuILLI LOG uthwestern-COE S Aunnosnt ofio e

PROam,,T~t b Antonio m s. ,v 1 o,' os t See Remark 2
San Pedro Creek Tunnel Texas ,-r- PWm tK55YIOW8a5 m-.5,5

EO3aMt c... .- . MSL
Station 143+O0 '(.near CutletShaft) , ;;aasuuiuT7rt

eck Foudations orthwest 5045 (45 ton)

Lo..- .n-*o - y rau ic notr i- e.Amte.. None (NoneS. RARE t .RL5 Slif ~ bea WIOT nER ORIE fli E s _Al Mann 

-!,-s!e!ao"/now*t- 618.2 .
I3R.On ;o...j..o.. . pi 88'5 April..88

r _ _ ! t o TO ct Rot C 6 3 8 .2 E l .

"nac ssoeovms..os. '27.0 ft. 6s to. at cost ncovrsvroa o'sin N/A '
son M .sDtt RomocF 92.2 ft. --. .....A..R 0 ,...o...

tot. .. ..o . .o.. 119.2 ft. . .......

ctw~l-" CLAoI ofMAU ;88L sin Geoi. f'R.,..l
ILU 000 ,a Unit --

638.2 0.0' 0.01-2.0 1 ae Lvl
Clay F . dart brown Reretf f. Water Level

to black, medis plas- free water encountered

ticity, vith scattered 27.0 ft. depth.

z sand and angular gravel.

M- .0-M.0 2 Drillinr Method: 7

_.---o.ro is A 2b" dia. full flight -

- bro -i tc yi auger bored 27 0 ft.

- bro, medium ple aticty,, reamed shaft to 26" dia. -

silty in places and set 25 5" dia. casing

" thiff, throurh overburden,

8 seated casinp in

8 0-:20 ta tobffoeathered cloy shale. -

mlay:u ta to h uffpati- a
" me-diu to high plastic- u Continued boring with

ity, stiff and damp 24" din flilht auger to -

12.0-20.0' z a depth of 119.2 f. ,

____ a____ cased 119 ft bore
graell Clawn tar hole with schedule 4O, -grayish brow," medium a 12" din, well casing

to high plasticity, with

numerous calcareous ton- Fitted shaft vith 2

creatn s, sand seams feet of clay fill,

and damp OSrout annular spaces

20.0'-2.0round 12" din casing

ravel- grayish to pround level and

brow, avel grayh capped casing. Withdrewbrowo, yell graded 25 5" cnsint, and -

rounded gravel with clay 
ul hackfilled vith grout

and rounded 
calcareous

618.2 20; concreations, saturated. 3 G.olvyic Unit'

2f.]-umconsolidated
27.0-39.6' alluvial deposits of -

Weathered_0la Shale'
gra dhile' the Quaternary Period.ten and gray, medium-to

high plasticity, soft, t-Taylor Shale, elsy
blocky in places, iron 

shale of the Cretaceous

staining along frequent 
C s alPeriod. -

fractures and 
joints,

calcareous.
Taylor Shale (Kt) of

Cretaceous Period.
611.2 27.

Kt

598.2 ho4.HO FORM IA IA ... ,........... ... San d itO js

D-1



DRILLIiG LOG uSOUthbwesternco'
fLnnelS Rpsiden ofi,- , or 3 SwSSr.5

a onio 0 e suAs w r o o ,, See Remark 2

San Pedro Creek Tunnel Texas ;rsAoWTwtM, II"awa s fs aa"watvoStt ' HSL

Io., oer mvwt 19.2 ft. Robert A Burns
ELSVAr|m ODIWI LgataaN atA 24 f"!t! r _AL3 Csing eol.

598.2 -oVn "

39.6'-119 2'
Cla Shle: gray
to light gray, soft to
occasionaly moderately

hard in the Morr calcareous
zones, calcareous throughout Kt
but becomes more so with
depth, Ms5sive, Moderate

petroleum odor, fossils
observed in places,
occasional pyrite.
Taylor Shale (Kt) or
Cretaceous Period

578.2 6o,o
ft

558.2 80.0

D-2



#VO., VS,. .. . -

H Southwestern-COE . AntOs fMILLIGLOG TnnelsResident Offlce oC 3 ncs.€ ,
.o~nOtECV ban Antonio ws .or- ,, See Remark 2
San Pedro Creek Tunnel Texas i- VtC~tfi5AiR5l0 f Lo - -- ,-

Station 143410 (near W.tietShaft) ir- osjI iMeonsoMr.
Beck Foundations Northest 5045 (45 ton)-1 HoYt so. orovt 05AI.N;. - ;"

0y swtto, p besot *O 9 0u00 I-, cant 
0

!o
Al Mann Ot.Vfbonou.,V, 618.2 El.

! AL can 2 n ron oi N/A__

. OSlft .tin"L 119. 2 ft. Robert A. Thrno
ttO~bON0510 wo. e TA$5ICAtIoO Or" MA'lOTI&!,- *5llg Coo. (Pp ...s,..*.'.

58.2 Refer to description
on Sheet 2.

Kt

538.2 10

Kb

521.0 117.9-F

519.0 120. shaft bottom

D-3



_____s_______________________ ans ArtOncoe ,{c
DRILL|IGLOG SOuthwesterr-COE Turnels Residet OfLfcee Ior siell

San Pedro Creek Tunnels San Antonio, .o ste t , OO see booar. 2
Texas MSL T fl-x~tC8 sa.a isrW ae--

Station 158+14.13 (near Durango St.) &-.7- 5; ----.s.eo -, e... .....
-?"f""''W. u. dNorthwest 5045 (45 ton)

.. ,eoteeo~~~ ........e. ILI3 Iu~e*( e !'None None. ntiuaton shaf fn
ku,,ozN mn.ttS 5 . None,- -o _unz -1 o1 N/A

IS te~fSO 0,.10 iACO623.3 LI....a %...... ..... ay8 3My8

Ileceen ovee1 ... e e 23.0 .Iiitia J' i,((tCIAs Ceete Oe feC 98.0 te ,At CO.lm.eCOV,.n ron no.e, /
e ton. ec , o ,.eOt ± 98.0 i oe f,,. ehl e-. _ _ _ . . . .

Ell .1A *O -tL izl*U Reo Cruheeld

etenele ((fl tese UASPeA,,~or e5A? (SeLS ,nilg A(.ol. !
C S 4FC T O

tt.9-v11040 DI£T El EH CI eec1...11 
0  

,* - -,* ("1.. ...1.h.

639.3 0.0" 0-1.5' , l r 'tel
Sand Fill tan, fine to fr-e ilpr encount rd-

1.= coarse grained, contains some a I' o to 3 ft det
fine to fed, gravel, oc.
glass and metal debris, 2 Drlllsnicehod
loose. A 7I din fuil fliht -

auger bored 30 ft , ct1 2'-12 0' a 78" di. rsIng th-up
Gravelly Clay buff to 

0 1 oveeo,,', seated c..i.
dark brown, meditu to high tt;n weathered cly
plasticity, contains scattere shale to eal fround
small to medium roundcd a-r C nt nuod shaft
liostone snd chrt grayol, '-1050 h- o] IA, din
sof t to stiff full ']i t tuer v

]21ft :'-pth, wldend
shift lo , 2" dia ,

baekfilled with clyo to
627.3 1210 12.0'-23 O' 117 7 ft depth,

Clayey Gravel tan and gray. t he" 3,, pervasent
subrounded to rounded

-_ limestone and chert gravel, onvop olt eoverese
moderately clayy, satur- v ,1
ated below 16 0',.

623.3 16"' 3 Unitloto -oLind t, d

liht ] I deposito of

the quaternary Period

ht -Taylor hole.
cl -hole of the
Cretaecous Period

16.3 23 0-. 23 0'-39.8'
- Weathered Clav Shale:

-ellowish tar, and gray,,
- medium to high plosticilt,

soft, blocky oith frequent
Joints and fractures, some
iron staining, damp, calcar-

eous. Taylor Shale of
Cretaceous Period.

61058 28 r

Kt

592 3 40o _

ENG FORM 1836 ... oss teos A O.. tO, -- st" Antonio P -2ns 2

D-4



oCrk T~a-Dels S

tation 358*14-13 faear Dflar.~o St Ij_-e

tI - "U-.eas 5014 14 =

cn.,ac I.'-"

qtc..s , aC 539. 3 i____
P.sWse 23.0 es.c. ae e

as..AES fl 505 3.0

5i9.3 30. I

esmslami fows. m-ite

eyc Slm!e (W~ cr

579.3 60.4

EHG FORMI77,1

D-5



taticr, 1511-14.13 (n~ear Duran~o Sti)JLZ____
ilorwest5045(45 e,

- ~ ' . VA.* ~ 6:
0.ncc ...-. . . ....

~~ 96~2.0j__ __

559.3 30.0

,3).3 1O I

521 6 i 

"in.

5193 .1204. _______

ENG FORM1i ,. . . ~'Otqn Antoen,, Tunl ~ I~~

D-6



5"Ltm~Irt.~s La 5thsepC_

(nea Duo,~ St- ea at'f/

*ttt',Oca~e ~ -t 623.3E L....

~.V~s~tfe~eo6.23.0
nts Ag a. .. 98.0 aer.ta O.CWA

'ea m" orti ""a ' " "

12.c 120.0': observed occ, fossils Fill tt
121.4 ' sift bottm

R1H0OOBmlA1 .. _ "
0
".S Antonio Tunnels "?~2-

D-7



:: " It smn l mn..,P o Sey Iie'u'rk 2

SationM 18 l.0 (Cawo St.) -.s ..... ,

3-h. 50 h.~; T 1

-1 ... , ,w n one
14 ?OVAL ¢ M CM F lSm. oss ,mcVAVO noat moors Sync

, _____.9~~~ LUShnO n550 O

I hw o fov' f 16 ft. 1 9"VAT- 1O or "Mt

* v~ucconecconmro.i~Oi,5 N/AmintS fl5.tOO intoo- 1 ft .

v-f W-. -9 1

642.5 0.0: 0.0' to 0.2' 1.- Water Level: N~o free
Asphalt parking lot water observed while
surface. drillinc soldier piers.

I After piers were installe
0.2' to 7.3' a trace of wetness

Clay Fil1: brown, . developed between two
medium plasticity, mod. stiff of the piers on the SW
sandy to gravelly with side of the shaft.
angular to rounded frains,
contains brick and metal 2. Excavation Procedure
debris, dry. Initially a ring of 27

drliled, concrete soldier
7.3' to 16.0' piers were constructed
Clay: tan to buff with to just within the top
some gray mottling, medium of unweathered shale,
to high plasticity, fine to to depths from 36' to 41'
coarse gravel in places, also The piers aere 36" dia.
I" to 2 dia. limestone and fermed an inside
concretions in the upper foot . shaft dia. of 21'6".
numerous scattered lime The interior of the ring
pockets, damp below 12' ' wa exenvated with a
depth. . backhoe and crane w/skip

-- box. This method of
16 0' t 33 8' - excavation continued

626.5 16 Weathered Clay Shale below the pier bottoms
tan and gray, high plasticity Kt to the 50' depth, with
compact, soft, blocky, 6" of shotcrete support
oecaional fossils. below the pier, The
Taylor Shale (Kt) of the remainder of the shaft
Cretaceou Period. was diilled and reamed

t a dia of 22'4" and
33.8' to 42.5' , to , total depth of
Clay Shale 122.0 ft.
Unweathered except along
fractures and Joints, Sodier piers were
dark Fray with reddish constructed by Cato
tan l' to 2" oxidized Electric and Drilling.
seams along fractures

and Joints, massive,
soft, cont ains nearly
horizontal Joints at 40'
and 42' depths with

several high angle
Joints and irregular
fractures.

Kt

6o2.5 .4o-

ENG FORM 1836 macsass csvisms srno c. ,,.n Antonio Tunnels 1" " -2 3

D-8



N 4Aror ..ton
MA G LOG outhvestern-COE i fo -, or d .w! Is

Irewttito o .,'i',-SuATUTOT:;stIM Mand M-10 ZRIr - --

Station 181+TT-08 (CawSrt0 St..) B t tu t osi io,,c

""1 !a tCoT, 1i7.-conr voxr% ! -one

5-U o is oVATwGtOUNDAI

I.,"Esor- 642.5Wwisn omus. a. cii. u, ,* ATC~L j O~ lASy ji iii Aug'ust ((

= C K E 5 " EOL C 1 6 f t .t S 5 0 C C I Sn T A.rL C N A

A*t" "n,,,, o..o . 16 i t -.. o,~w~sceiooiomi~ bA -

t OTAL DPT" Or HO)LE
[  

12P( n'. I,+lt o )rt ,'|l1

LVAtIiON DEP ,.. LA SflCAiO r v iA As ;aging I .i. ....... .

602.5 40.0' 3. Geologic Units:

2-5to22.: (l-Unconsolidsted

Cla light gray alluvial deposits of
- todark r soft to Quaternary Period.

moderatel hard in aiMy

- zones, mssive, breaks Kt-Taylor Shale,

predominantly with conchoidal Kt clay shale of Cretaceous

fracture, calcareous to very Period.

- calcareous or liny , occasional

- fossils, scattered pyrite

crystals, petrolet odor.
-- Taylor Shale (Kt) of

Cretaceous Period.

o

582.5 60.. 60.0 to 70.0: occasional " to 0

-6 thich, mod. hard,, limy layer ".

- 0.0 to 76.0: It. gray, massive
iese, sell indurated, ly, Kt

ceasional fossils, and strong

etroleum odor.

D-9



DUILLH#G LOG 3 Soatheste.-C'E T-jr , R-4-~ It, 2.

Station 181.77.08 (Camaron St.) i 0 T.i11Sa..o os.

- ..... to 9 Mot 8O11 :11 ugu t

bl. ".tonta rto c N/Ar

ItCRAlI toO 1LFS'o CLAISIFtCAlIe"tt Ct ILS. Si eo r'A
1

562.5 80.- Refer to description on
sheet 2

Kt

552.5 90. 90.0'-95.0- Light (,ray,
- mdhard, liav cla, shale

Kt

5?2A, L iN
D-10



r6-Creek 7j5n4l Ti-Mmala"-TCVo1oi las __ Ir
Station 181+77.08 Coaros St.) .s.s ,r-nssrsc

..o...d0000 rStXI

0501000044.4.10 5505*4.A. WiOS OCmEI~C -

Al V.. stL00O~sOOAt

I ?101000050 Of 000000 1 1 n t. n

ttAI Ro CL&AWCtioO INOUAnIRALS .sing Cool. I.o.

520.5 122 shaft bottom Ct-

D- 11



____________________________ban Antton0DUL uieste...COE -. . t e Off?

San Antonto u.S1C e ft , - - See Oea
Pedro Creek Tunnel Txas i-Afi-TmtOLnA. 6wA. ,i -L' A~ rr w 14SL

Camaron & Salinas St.,Sta.185+73.90 i ,.o,.
' H s.eWmae Northwest 5045 (45 ton).A. N. Deck Foundation f- v - o ,,r -"......' . ... ';-

Sm n s o'Lrsr Non
e  

None

At Manniai aba n, " ocO5'Of'f 630.0 El.

S......o . . ..._..__,¢- .- .... - 2 ay 88 .4 May 88
-, rtrnonoeo, n...r 643.0 El.

o. emnsueewee.,s* 103.42 ft. N-n.-o--- tt" '.- N/A

taroL m, . - .te 117.00 ft. No Crut"fe3m

643.0 o.o' 0 02 5' I Water Lovep"
.Asu~l.4ln~Ei~fl cra. .oe-e free woter wss2on to medium plasticity. observed flowing from

gravelly with chert nodules, red oxidized, jointed
some brick. teranics and clay at 13.0' to 13.58'
other debris scattered depth
throughout

I -.5-5.'I l Cli Draln Tilt

Clay. dark gray, hti a ft adpt
low plasticity, soft, thin I tile at 2 ft. depth

soft callche layer
near basal contact.
5.0'-13.58' I

Clay tan aod gray mottled,
high plasticity, soft, blocky oC
moist, with red iron stain m
along healed Joints, contains 3

629.42 13. small scattered how pockets. A OI, di bors
to.1r ft. re d to

13.58-31.0' I 96" dia. and set 96"
Weathered Clay Shale . . .di . c nr

6 --. Yellowish tan and gray . Continued with a 78"
626.o 17. mottled, soft, blocky, dia full fllcht super

highly Jointed and fractured to the 117 ft dept -

with red Iron staining along I ct htckfllled
t
o lllft,

upper contact. | -it -I" e t.i toll -

Taylor Shale (Kt) of ft , filled the re-
623.0 20C Cretaceos Period. maiting antular spnce -

oith concrete, pulled
96" da. casino,

sealed off shaft opening

with metal plate (refer
to remarks 5&6 to explal
thicker concrete shaft
wall )

1.0'-117.0'

lghtgray to dark gray,
612.0 31. soft to moderately hard,

-_ ssive, ban mild to
S- trong petroleum odor,

0ontalns occasional fossils
/ t r pyrite crystalI

| -Z alcareous to very calcarous I|

ones moderately bard
-i .n llny zones.

-ylor Shale (1t) of

v6o) ' I

mum,, -1S0 Antonio Thnnels

D.12



POLLING~o LOG 3noo 1"' 2LI
tern-COEs Resident Offico I

.35MC , . San Ant 0. vote O bT Rrat ' . .
San Pedro Creek Tunnel Texas 4~ ;ISL
Caaron - Salinas St..Sta.185+73.90 ,i-.--- ii-n;n,--on

A H. ck Foundation Northwest 5045 (45 ton)

.UTOT+'.. lo ofO o IO* +.,,-.O , .4. .,-I

.oouOO~a......I n so~tCS~ (one NoneIventilaton sha au. ooet N/A.

IS e NL/A_________-
A Mann630.0 El.
X .... --. "a 88 4 May 88

7 T OVE-Um n. 13.58 ft. 643. 0coorncoornvra non,,, N A .

oneoo~nn~to~~o 103.42 ft.
TGTAt OM"" 01 .n 117.00 ft. Roy Cr-tchfild

oosing feol. __..."A*.
L

5
0oOi Uit -O ., +.t .*+.-+

I " I J ' .Goo. c nts --

603.0 0.. Units . -
Qal - Uneenvolidated

601.0 i12 b2.0'-5.0': Light gray, alluvial deposits of

massive, moderately soft, the Quaternary Period.

very calcareous or 11my.
Kt - Taylor Shale,
clay shale of Cretaceous
Period.

Kt

583.0 60._

ft

578.0 65. 65.0'-70.0': Light gray,
innive, moderately soft to
moderately hard, highly
calcareous, with occasional

fossils, pyrite crystals,
and mild petroleum odor

when broken.

563.0 80.________

I.u -0 OII 9oao.I

£140 FORM 18 36 *oosnvowno0L
4  ISa Antonio Tunnels lIP-h
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s~tAituf ban Ano o T. 3DULLOnGLOG outhwestern-COE Tunnels Resident Offocs o. 3 ",C's
ia CT San Antonio m si vvor - bee Itanark 3
San Pedro Creek Tunnel Texas ,rnf-

?M c=== .3 - SL
camaron & Salinas St..Sta.185 73.90 ,-
.~.ec~,~- F ndiNorthwest 5045 (45 tonIA. H. Beck Foundation

5000S00tsa one --- __ None-ventalation sha t -... .. e/Asno om oat.e. ,. ,ort .o-qes COmEof /

Al Mann *. A 630.0 El.

~eom~ea '~n~~m ______ macoan 2 Ma~y_88 _ 4 May 88_
13.58ft. oI.....r 643.0 tl..- ,3ohC Co~t mE€ovCw toO en,.a t/A

mono aomutra .moammcm 103.42 ft. ,, s a,o..c oRu O e ,',erem

*on een or 117.00 ft. Roy Crutchfield
CLLW¥&I0W DE["N L0GNQ 0AtIOasing teo

563.0 80.0-

558.0 85.0C 85.0'-117.00': Light gray, 5 85 0'-117 0' Clay
mssive, mod. soft to shai becsmh ' harder,
mod. hard, very driller exehanged flat
calcareous, with many surer teeth for pointed
fossils, large pyrite "Tiger T-eth", and
crystals and mild pet-oleum pumped water from cree'
odor when broken into shaft to assist

sinking operation
55 90.

6. 00 0'-117.0' Shaft
hean tn pluenc tnwardn
the ---I ('!n Pedro Creek -
P4" di. and 36" di.
pilot holes were bored
to help re-alitn shaft

c and guide 72" dia super
o '1he hole aS then reaed

cut to the 7b" dia

Ali nment rechecked and
found to b within

me eontract tolerances.

543.0 100.

Kt

29.0 11
Clay
Fill

26.0 117.Z Shaft bottom

EHG FORM 1836 ...om o ... ae e o o.. t an Antonio Tunnels Sp-I
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: -E i 6L- = So 9uthwestern-COE Tusnnels Resident Offo,__. 3ceJ oi-s
San Antonio, a s.r-ne sne o' Cs SeejRmakan eroCreek Tunnel Texas cr7; jjak _25d'*5t

rInle Shaft) ;;
% 6esNrthwest 5045 (45 tn __A. H.__ Bck Foundation ton),e - .:

Z" MYd3rautiE Instru - ""*-5'''Nn
IaentatinS]haft Nn

... c, sa .,,., ~nnnee..~' N/A

-12RAprl 8.28April 88

95.0 ft. ..o.r........ AI

9 OT*.Ak emnOFno-t 107.0 ft. Rbe rt A.- Burns
IEET-D..... CIAS9C~5,o aevt ~ .,, , fV*r ,,-

_________________Unit ..

635. 0., O0'0.3' i7Water level- San Pedro Creek Concrete K trac of free ,ater
!Liner: 10 ' thick, "reinforce, ~bevd at 5 ft. depth

with #3 bars.
2. Drilling Method-

0.83'-11.8' Bored through San Pedro
Weathered ClayShle Creek liner with 54"6306 .0 aoand Sra motld high din. core barrel,

- Plasticity, soft, sonewbat inertei at 54" din.
blocky, moist. Taylor Shale I coning 3 ft below
(Kt) of Cretaceous Period, tiP of concrete liner

to divert Creeh water
11 8-107.0' around shaft.
Clay Shale.w
gray, soft, massive, with R eplaced 54" dia. core

624.0 I t. gray moderately soft, IF harrel with 36' din
limy zones increasing with foil flight auger.
depth, contais fossils e Bored 20 ft. and net

and yrit crytal, emts ' Kt 36" din. casing within
a strong perlu dr unweathered clay Shale.
Taylor Shale (Kt) of A
Cretaceous Period. Continued shaft sinking

using a 24" din full
flipht auger to 107 0 ft
depth, cased foil length
of nhaft with 12" din.
caning, and seated it
on hnckfilled cloy from
105 0' to 107.0'.

615.3 20.U Bockfilled annulavr space
around 12" din, easing
with trout,I

hevcvd 36" din

Set, a 2h" dint. CMP In
Kt grout to stand 2 ft.
above the creek.

When grout hod hardened,
removed 54" din, casing
and capped 12" din.
casing.

01, ~. 7  ...... -Sn noi Tussels P5
0.15



- 1'.A1 CO L1Ij"
DRILLING LOG Southotostern-CoE Tunnibls Ro.-wlont ffisce 1,.

P50~~~~2Cva nAntonio, an, ' e s 'Sei:,r
Safl Pzdio Creek 11unnel Texaes '" ..... *.

Jf-le.Inlet Shaft) ~, .

ilortkawest 5045 (45 ton) .
A.-H. Seek Foundation - - -

j~yd U ifii -onle -- None
- -w enatian..Shaft 4 - oC ,'U -_,' I

Al an CCVt55CnCOfl 630.8 V1.

.CCCt(.C.C_____ .....-... - 2 ApRF1 88.28J pril 88

9 TOTAL 500CC or N0C 107.0 ft. ___ lobet5, J ____

CL~vflON ET 0 CO.CO .1C,,CCO AC#rnflALI :1f o,

595.8 ho e' For general rock classiC ira- 3. Geoloie Units:

tions shet 1.Qtla-io uncoensolidated
t~ioseeshee 1.alluvial deposits we

encountered at this
Kt site

ft-Taylor Sihale,
clay 06010e of

1-lo~ul cid.

580.8 55.01 55.01-58.0l. Light gray,
- highly calcareous or liy 4. Driller replaced

moderately soft to moderately tit tipped Auger teeth
- hard, massive, with occasion- vith"ien et

- al fossils and pyrite crystal w lt hie throuh hr

limey clay shale.
575.8 6ox

Kt

76.0-10.01: tight gray,
ighly calcareous, massive,,
erately hard, very foss-

-: ferous and ahundant large
yrite crystals, mild
troleua odor.

559.8 76.-w-

555.8 80.0
hl Un1836 .900, ........C0~tC - . -

5509)s u Atonjo 7',nelo
8
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ft~~wffif -C San Antoni. Texas aommTIMO i

19.3 (ea Ilt Shaft) NI _____

Wdga0Cc ... owsLtI !';oneji

01 &.o (SOttA110 0000 O~tfl630.8 E1.

M ........ O 00..."...l 851

bT.fs Dolor 00 .. ot 7 ft* .8 El.OS 0OO~~. 1 = 1, I*LA,. IC
be.?.AISOptLMWL05ft 9150iP*0O Ft-- P/05L Co.r f~An

Unit QO~
0 

ft Rh(0.

S~t

Kt -

535.8 100.

- Clay
28.8 101. Fill

EN FI18 36 *0,049011."1 AR9 W1.1wSan Ajonlo Tunnl 
1

125 -
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APPENDIX E

Plates (maps)
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APPENDIX F

Boring Logs (design investigations)
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APPENDIX G

Geotechnical Instrumentation Report



FINAL INSTRUMENTATION REPORT
FOR THE SAN PEDRO CREEK TUNNEL AND OUTLET SHAFT

SAN ANTONIO RIVER AND SAN PEDRO CREEK TUNNELS PROJECT
SAN ANTONIO, TEXAS

1.0 INTRODUCTION AND AUTHORIZATION

The San Antonio River and San Pedro Creek tunnels and associated

shafts are currently being constructed by Ohbayashi Corporation

(Ohbayashi) under the Phase II contract of the San Antonio

Channel Improvements Project. Phase II design and construction

contract administration are being performed by the U. S. Army

Corps of Engineers (COE). Local sponsors of the project are the

San Antonio River Authority (SARA) and the City of San Antonio,

Texas.

The San Pedro Creek Tunnel (SPCT) is approximately 6,000 ft

long. It extends from a 24-ft finished diameter inlet shaft

located in the San Pedro Creek channel near Quincy Street to a

35-ft finished diameter outlet shaft located on the west bank of

the San Pedro Creek channel at Guadalupe Street. The tunnel was

excavated from the outlet shaft to the inlet shaft with a tunnel

boring machine (TBM), and it has a "one-pass" lining of precast

concrete segments. It has an approximate 27-ft excavated

diameter and a 24-ft 4-inch finished diameter.

The San Antonio River Tunnel (SART) is approximately 16,000 ft

long. It extends from a 24-ft finished diameter inlet shaft

located near U. S. Highway 281 (McAllister Freeway) at

Brackenridge Park to a 35-ft finished diameter outlet shaft

located in a bend of the San Antonio River near Roosevelt Park,
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The SART is currently under construction, and it is planned to
be lined with precast concrete segments. khen coapleted, it

will also have a 24-ft 4-inch finished diameter.

The SPCT and the SART were designed to bypass floodwaters
beneath the City of San Antonio, Texas. Figure 1 shows the SPCT

and SART plan alignments through the city, and Fig--e 2 shows

the tunnel profiles.

Woodward--Clyde Consultants (WCC) had a subcontract with

Ohbayashi to provide specified geotechnical instrumentation

services during construction of the Phase :I tunnels and shafts.

The purpose of the instrumentation program was to obtain data

that would be used by Ohbayashi and the COF for design

verification and future design applications.

This report on the instrumentation installed in the SPCT and

outlet shaft has been prepared in accordance with Section 2C,

Paragraph 2.3(11) of the project specifications, and COE Letter

CW-0896, dated 17 November 1989. It is organized into two

volumes: Volume I contains the text, tables, and figures of the

report, and Volume II contains the report appendices.

Following this introductory Section 1.0, Section 2.0 describes

the types of instruments installed, and Section 3.0 discusses

the instrumentation locations and installation procedures.

Section 4.0 presents the instrumentation data and Section 5.0

provides summary interpretations of the data.

The appendices contained in Volume II are as follows:

Appendix A: Manufacturer's Brochures for Selected
Instrumentation

G-2



"1J
Appendix B: Results of Pull-Tests Performed on

Instrumented Non-Structural Rock Bolts
Appendix C: Records of Data from Borescope Observations

and Measuzenents

Appendix D: Tabulations of Raw and Reduced Instrumentation
Data

Appendix E: Plots of Reduced Instrumentation Data

2.0 TYPES OF INSTRUMENTATION

Instrumentation installed for the SPCT and outlet shaft consists

of multi-position borehole extensometers, rock bolt load cells,

total pressure cells, reinforced concrete strain meters,

convergence reference points, and displacement markers. In

addition, as part of the tunnel instrumentation progra=,

bcrescope observations were made in borings drilled for that

purpose in the rock mass surrounding the SPCT excavation.

With the exception of the displacement markers and the

borescope, all of the instrumentation installed for the SPCT and

outlet shaft was supplied by Geokon, Inc. (Geokon), of Lebanon,

New Hampshire. Copies of Geokon's brochures describing the

instruments that were installed are contained in Appendix A.

lhe displacement markers were procured from Alamo Iron Works in

San Antonio, Texas, and the borescope was purchased from Hocker

Inc., of Houston, Texas. Summary listings of instrument types

and installation locations are providea in Tables 1 and 2. The

following paragraphs briefly describe the different types of

instruments.
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2.1 Multi-osition Borehole Zxtensometers

Multi-position borehole extensometers are used to monitor ground

deformations at different distances (positions) from an assumed

fixed reference position. For the SPCT project, six-position

borehole extensometers were used to monitor vertical

deformations of the rock mass overlying the tunnel, and three-

position borehole extensometers were used to monitor horizontal

deformations of the rock mass surrounding the outlet shaft.

The borehole extensometers that were installed in the SPCT and

cutlet shaft vere Geokon's model A-3-1500 borehole extensometers

(see Appendix A). These are tensioned rod-type extensometers
with groutable anchors. The reference heads are equipped with
linear potentiometers for electronic monitoring of the anchor

movements. The movements were also occasionally manually

monitored using a digital depth micrometer. The potentiometers

had a range of 4 inches, and the electrical read-out box

provided a resolution of 0.001 inch. The resolution of the

digital depth micrometer was also 0.001 inches, but the readings

were only accurate to within about 0.005 inches under the most

favorable monitoring conditions.

2.2 Rock Bolt Load Cells

The load cells installed for the SPCT project were "donut"-

shaped, or hollow-centered, for installation on the end- of non-

structural rock bolts. The load cells utilized for the project

were Geokon's model 4900-50-1.0 50-ton capacity vibrating wire

load cells (see Appendix A). The sensing element of these load
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cells consisted of four vibrating wire strain gages. Load

development measured by the load cells was monitored

electronically.

2.3 Total Pressure Cells

Total pressure cells were installed on the outside of selected

precast concrete liner segments for monitoring the development

of stresses in the segments as a result of rock mass loadings.

They were also cast into the final concrete liner of the outlet

shaft to monitor stresses developing in the liner. The pressure

cells utilized for the SPCT project were Geokon's model 4800E

total pressure cells (see Appendix A). These cells consisted of

two circular stainless steel plates welded together at their

periphery, and spaced apart by a narrow cavity filled with an

antifreeze solution, Pressures acting on a cell forces the

fluid against a diaphragm, which acts against a vibrating wire

pressure transducer that converts the pressure to an electrical

signal.

2.4 Reinforced Concrete Strain Meters

Reinforced concrete strain meters were embedded in selected

precast concrete liner segments to measure the stresses

developing in the '-einforcing steel of the segments. The strain

meters used were Geokon's model 4911 "Sister Bars" (see Appendix

A),. These instruments were essentially vibrating wire strain

gages fixed to short lengths of reinforcing steel. For

installation, the instruments were tie-wired to the reinforcing

steel "cage" of the selected liner segments.
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2.5 Convergence Reference Points

Convergence reference points function as the end points for tape

extensometer readings. The tape extensometer readings were used

to monitor changes in chord lengths inside the tunnel, and

hence, closure and deformation of the tunnel section. For the

SPCT project, stainless steel eye-bolts attached to groutable

rebar anchors were used for the reference points, and the tape

extensometer was Geokon's model 1600-1 tape extensometer (see

Appendix A). The tape extensometer had a resolution of 0.001

inch, and the readings were repeatable to 0.005 inch.

2.6 Surface Displacement Markers

Surface displacement markers were installed along the SPCT

alignment to monitor the amount of surface displacement, if any,

due to tunnel construction approximately 120 ft below the ground

surface. The specified surface displacement markers consisted

of 4-ft long lengths of No. 6 reinforcing steel driven

vertically into the ground, with the top of the rod flush with

the ground surface. The elevations of the tops of the rods were

monitored using optical surveying techniques. Measurements were

made to the nearest 0.001 ft, and the readings were considered

accurate to 0.01 ft.

2.7 Borescope Observations

An Instrument Technology, Inc. model 1i2500 battery-powered

extendable borescope was procured for the SPCT instrumentation

program. It was fitted with a right-angle viewing head that
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provided a 2-inch relatively undistorted field of view, and an

attachment was available for mounting a 35 mm camera at the

viewing end. The eye-piece was inscribed with 0.025 inch

graduations.

The borescope was used to observe, photograph, and measure

fracture openings, including joints and bedding planes, in the

rock mass surrounding the tunnel excavation. The observations

and measurements were made in seven 8-ft long 3-inch diameter

boreholes drilled at various angles from the inside of the TBM

at approximately equal spacing, excluding the invert, around the

periphery of the tunnel at COE-specified tunnel stations.

Centering devices were attached to the borescope to keep it

aligned in the boreholes.

3.0 INSTRUMENTATION LOCATIONS AND INSTALLATION PROCEDURES

Tables 1 and 2 list the instrumentation that has been installed

in the SPCT and outlet shaft, including the quantities

installed, the installation locations, and the dates of

installation and latest readings. Table 2 also shows the status

of the different instruments as of the dates of the latest

readings. Figure ** shows the instrumentation locations

relative to the SPCT alignent, and Figures ** through ** are

schematic sketches of typical instrumentation installations.

The following paragraphs provida selected details of the

instrumentation installation procedures. Except as noted, the

instrumentation installations generally conformed with the

project plans and specifications.
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3.1 Outlet Shaft Instrumentation

Instrumentation installed in the SPCT outlet shaft consists of

12 three-position borehole extensometers, 12 rock bolt load

cells, and six total pressure cells. Four extensometers were

installed at each of three elevations, namely approximate

elevations 604 ft, 575 ft, and 550 ft (Project Datum, PD), four

rock bolt load cells were installed at each of approximate

elevations 596 ft, 575 ft, and 550 ft PD, and the six total

pressure cells were installed at approximate elevation 562 ft

PD. The installation configurations of the outlet shaft

instruments are shown on Figures ** and **, and the installation

procedures are discussed in the following paragraphs.

3.1.1 Borehole Extensometers. Figure ** shows a typical

borehole extensometer installation in the outlet shaft. The

extensometer anchors were at depths of approximately 3 ft, 11

ft, and 26 ft from the shaft wall. The reference head was

recessed 24 inches in the wall to protect it from damage.

At each of the three instrumentation elevations, the electrical

read-out cables from all four extensometers were routed along

the circumference of the shaft through PVC conduit to a common

point, where they were spliced to a multi-pair junction cable.

The junction cable was then routed vertically through PVC

conduit to the ground surface, where it terminates in a lockable

watertight terminal box. At the time of this writing, the

location of the extensometer terminal boxes is considered

temporary; however, each terminal box is labeled, and

identification for future monitoring is not expected to be

problematical.
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Complete installation of four extensometers at one elevation was

generally a two- to three-day effort, including time to drill

the boreholes. After a borehole was drilled, the extensometer

rods and standpipe were inserted, and a cement-based grout was

pumped through the standpipe into the borehole. The grout was

given 12 hours to cure, at which time the rods were tensioned

and the reference head was installed. Electronic readings were

typically erratic up to 24 hours after grout placement, but

manual readings were taken immediately following installation.

3.1.2 Rock Bolt Load Cells. Figure ** shows a typical rock

bolt load cell installation in the outlet shaft. The load cells

were installed on 39-ft long No. 8 steel reinforcing bars, 19 ft

of which were anchored with a 2-part fast-setting resin grout.

The 20-ft long free length was double-wrapped with asphaltic

tape and cased with 2-inch diameter PVC pipe to mitigate any

anchoring effects that might occur on the free length as a

result of closure of the borehole. The rock bolts installed for

purposes of load cell instrumentation were not considered to be

structural members.

Following installation of the rock boltg, and prior to placing

the load cells, the bolts were pull-tested for verification of

anchor reliability. The pull-tists consisted of loading and

unloading the bolts in 1-ton increments (or decrements) while

monitoring bolt movements. The maximum load applied during the

pull-tests was 10 tons. In all except one case, bolt anchorage

appeared satisfactory, with the load-deformation behavior of the

bolt installations being approximately linear. The exceptional

case was a bolt installed at approximate elevation 596 ft, the

anchorage of which appeared to fail at an approximate load of **
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tons. Appendix B contains the results of all of the pull-tests

performed for the non-structural rock bolt installations in the

SPCT outlet shaft.

The load cells were mounted on the rock bolts immediately

following completion of the pull-tests. Each load cell was

seated on 1-inch thick steel bearing plate, and was held in

place by a was-Br and nut assembly. In some cases, dry-pack

(hydraulic) concrete was placed beneath the bearing plate,

between the plate and the underlying rock mass, to improve the

contact between the bearing plate and the rock mass, and to

orient the bearing plate as nearly perpEndicular to the bolt as

possible. The end of the rock bolt was recessed approximately 6

inches in the shaft wall to protect the load cell from damage.

There were no loads applied to the load cell at the time of

installation other than the "snugging" load applied by the

washer and nut assembly.

At each of the three instrumentation elevations, the electrical

read-out cables from all four rock bolt load cells were routed

to the ground surface in the same manner as the cables for the

three-position borehole extensometers.

Complete installation of four rock bolt load cells at one

elevation was generally a one- to two-day effort, including time

to drill the boreholes and perform the pull-tests. After a

borehole was drilled, the resin grout cartridges and the bolt

were inserted into the borehole, and the bolt was spun to mix

the cart:idge ingredients. Approximately 15 minutes later, the

bolt was pull-tested. The load cell was installed after

completion of the pull-test. Electronic readings were typically

erratic up to about 12 hours after load cell installation.
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The installation procedure for the instrumented rock bolts
described herein represents a significant deviation from the
project plans and specifications. As installed, the rock bolts

have approximately 19-ft long by 1-5/8-inch diameter resin-

encapsulated anchors instead of the specified 10-ft long by 3-
inch diameter resin-encapsulated anchors. This change was
necessary because the specifications were inconsistent with

industry standard products and procedures.

3.1.3 Total Pressure Cells. Figure ** shows a typical total
pressure cell installation in the outlet shaft. The pressure
cells were attacaed with tie wires to reinforcing bars, then

cast in tne final concrete shaft liner.

Approximately 28 days after the pressure cells were installed,
the cells were "repressurized" using a crimping tube mechanism
designed for that purpose. Repressurization causes the cells to
expand against the surrounding the concrete, and thereby fill

any voids between the cells and the concrete resulting from
contraction of the concrete as it cured.

The electrical read-out cables from all six total pressure cells
were routed along the circumference of the shaft to a common
point, then routed to the ground surface in a tied bundle. At
the time of this writing, the cables terminated at individual

spools temporarily located near the collar of the shaft. Within

the shaft, the cables were cast in the final concrete shaft

liner.
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3.2 Tunnel Instrumentation

Instrumentation was installed at two stations of the SPCT,

namely Station 143+75 and Station 158+47. The instrumentation

that was installed at each station consisted of the following:

o One six-position borehole extensometer;

o One rock bolt load cell;

o Three total pressure cells;

o Three reinforced concrete strain meters; and

o Six convergence reference points.

In addition, borescope observations, photographs, and

measurements were made at both instrumentation stations, and

surface displacement markers were installed in the vicinity of

Station 143+75.

The six-position borehole extensometers and the displacement

markers were installed at least 200 ft in advance of the TBM

excavation. The total pressure cells and the reinforced

concrete strain meters were installed with the precast concrete

liner segments, approximately 67 ft behind the TBM cutter head,

and the rock bolt load cells were installed and the borescope

observations made immediately after installation of the

instrumented segments. The convergence reference points were

installed as soon as practicable after installation of the

precast segments, but it was not possible to make tape

extensometer measurements until the TBM trailing gear had passed

the instrumentation station, approximately 400 ft behind the

cutter head.
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The installation configurations of the tunnel instruments are

shown on Figures ** and **, and the installation procedures are

discussed in the following paragraphs.

3.2.1 Borehole Extensometers. Figure ** shows a typical six-

position borehole extensometer installation at a tunnel

instrumentation station. The deepest extensometer anchor was

located approximately 3 ft above the crown of the tunnel

excavation, or approximately 115 ft below the ground surface,

and the other 5 anchors were spaced between the deepest anchor

and the weathered/unweathered shale interface. The reference

head was located at the ground surface, but recessed

approximately 3 ft so that its protective cover was installed

flush with the surface.

The electrical read-out cable from the extensometer was routed

through conduit to a watertight terminal box. For the

extensometer at Station 143+75, the terminal box was temporarily

located in a lockable utility shed placed on the project site

for that purpose. For the extensometer at Station 15J+47, the

terminal box was placed in a recessed lockable rectangular valve

box installed near the extensometer.

Complete installation of a six-position borehole extensometer

was generally a four- to five-day effort. On the first day, 12-

inch diameter PVC casing was drilled through the overburden

soils and weathered shale at the extensometer location, and

grouted in place. Approximately 12 hours later, after the grout

had set, the boring was advanced through the unweathered shale

to total depth. Rock cores were recovered from the boring, and

logged for geologic characteristics. After the borehole was

drilled, the extensometer rods and standpipe were inserted, and

a cement-based grout was pumped through the standpipe into the
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borehole. The grout cured at least 24 hours, at which time the

rods were tensioned and the reference head was installed.

Electronic readings were typically erratic up to 24 hours after

grout was placed, but manual readings were taken immediately

following installation.

3.2.2 Rook Bolt Load Cells. The rock bolt ±oad cell

installations varied between the two SPCT instrumentation

stations. Therefore, the installations will be discussed

separately.

(a) Instrumentation Station 143+75, Figure ** shows the rock

bolt load cell installation at Station 143+75 of the SPCT. It

is similar to the load cell installations in the outlet shaft.

The rock bolt was installed vertically in the roof of the tunnel

from the top of the TBM main beam through a 12-inch diameter
"block-out" that had been cast for that purpose in the liner

segment. The bolt was installed vertically rather than radially

because the configuration of the TBM machinery did not

accommodate a radial drill rig set-up in the roof of the tunnel,

The vertical installation took a significantly longer period of

time than the horizontal installations in the outlet ahaft due

to difficulties experienced in placing tha resin grout

cartridges in the borehole. Crout dripped from the borehole

after it was mixed until sufficient time had passed for it to

completely sec.

Following installation, and prior to mounting the load cell, the

rock bolt was pull-tested in the manner described previously for

the bolts installed in the outlet shaft. The maximum load

applied during the pull-test was 8.5 tons. Although the bolt

anchorage appeared to slip at an approximate 5-ton load, it
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successfully held the maximum 8.5-ton load. Appendix B contains

the results of the pull-test performed for the bolt installed at

Station 143+75.

The load cell was mounted on the rock bolt immediately following

completion of the pull-test in the manner described previously

for the bolts installed in the outlet shaft. The load cell

installation was recessed in the block-out cast in the 12-inch

thick precast liner segment. The instrumented roc', bolt was

stressed with an approximate 1-ton tensile load at the time of

installation.

The electrical read-out cable for the load cell was spliced to a

junction cable that ran along the outer surface of the liner to

the hydraulic instrumentation shaft located at approximate

Station 143+00. The junction cable was then routed to the

ground surface through the hydraulic instrumentation shaft to a

watertight terminal box temporarily located in a lockable

utility shed placed near the collar of the shaft for that

purpose.

(b) Instrumentation Station 158+47. Partially due to the

difficulty experienced at Station 143+75 in placing the resin

grout cartridges, the decision was made to change to a cement-

based grout anchorage for the rock bolt installation at Station

158+47. The anchor length was increased from 20 to 25 ft, and

the grout cured for 90 hours before the bolt was pull-tested.

However, in all other respects, the installation was the same as

the Station 143+75 installation. The bolt was successfully

pull-tested to a maximum load of 8 tons, and it was stressed

with an approximate 1-ton tensile load at the time of

installation. Appendix B contains the results of the pull-test

performed for the bolt installed at Station 158+47.

G-15



The electrical read-out cable for the load cell was spliced to a

junction cable that was routed to the ground surface through

steel conduit attached to the inside wall of the ventilation

shaft located at approximate Station 158+14. It was necessary

to place the junction cable in a conduit to avoid damaging it

when the ventilation shaft was subsequently used by Ohbayashi as

a temporary pea gravel hopper. At the ground surface, the cable

was routed through conduit to a terminal box located in the sane

recessed valve box previously described for the Station 158,47

six-position borehole extensometer.

3.2.3 Total Pressure Cells. Figure ** shows a typical total

pressure cell installation on a precast concrete liner segment.

The total pressure cells were epoxied in block-outs cast in the

outer surface of the segments for that purpose.

At each instrmentation station, the electrical read-out cables

from the pressure cells were routed around the outside of the

segment ring to the crown of the tunnel where they were spliced

to the same multi-pair junction cable as the rock bolt load

cell. The terminal box for the total pressure cells installed

at Station 143+00 was temporarily located in the lockable

utility shed placed on the project site for that purpose, and

the cerminal box for the total pressure cells installed at

Station 158+47 was located in the same enclosure as the terminal

box for the six-position borehole extensometer.

3.2.4 Reinforced Concrete Strain Meters. Figure ** shows a

typical reinforced concrete strain meter installation in a

precast concrete liner segment. The reinforced concrete strain

meters were embedded in the precast segments when the segments

were manufactured.
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At each instrumentation station, the electrical read-out 
cables

from the strain meters were routed around the outside of the

segment ring in the same manner as the total pressure cells, and

spliced to the same junction cable as the rock bolt load cell

and the pressure cell cables. The terminal boxes for the

reinforced concrete strain meters are the same as for the total

pressure cells. The terminal boxes have labeled switches for

the different types of instrumentation, so future monitoring 
is

not expected to be problematical.

3.2.5 Convergence Reference Points. Figure ** shows a typical

convergence reference point installation in the SPCT. The

reference points were not installed in the tunnel crown or

invert because the presence of the ventilation duct in the 
roof

and the muck train tracks in the invert made it impossible to

access the points for monitoring and maintenance. A 2-part

resin qrout was used to anchor the reference points in holes

drilled in the precast concrete liner segment for that 
purpose.

It was not possible to make the tape extensometer measurements

within about 400 ft of the TBM cutter head because the 
tunnel

section was blocked with the TBM trailing gear and transformer

jumbo. After the TBM equipment had passed the station, acce-s

to the convergence points was only available with a "man-lift",

use of which blocked passage of the muck trains.

3.2.6 Surface Displacement Markers. Figure ** shows the

locations of the surface displacement mazkers installed 
along

the SPCT alignment. The marker rods were hammered into place

with a sledge. Surveys of the marker elevations were made when

the markers were accessible; however, because the markers 
were
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located in one of Ohbayashi's storage areas, they were

frequently covered with stored equipment or materials, and

hence, were inaccessible.

3.2.7 Borescove Observations and Measurements. Figure ** shows

the locations and orientations of the boreholes drilled at COE-

specified stations for the borescope observations and

measurements. As indicated in the project plans and

specifications, it was intended that the boreholes be drilled

radially. However, the configuration of the TBM machinery did

not accommodate a radial drill rig set-up in the tunnel at every

boring location. The drill rig was mounted on the erector ring

of the TBM.

Each boring was observed with four passes of the borescope, each

pass being offset from the previous by 90 degrees. If a

fracture was observed during any of the passes, its location in

the boring was noted, its aperture was measured, and it was

photographed. Appendix C contains the records of the borescope

observations and measurements. It is noted that the borescope

observations and measurements were made at only one time for

each instrumentation station.

4.0 INSTRUMENTATION DATA

4.1 Monitoring Program

Durihq construction of the SPCT and outlet shaft, an automatic

data acquisition system (ADAS) was utilized to obtain electronic

instrumentation data on a daily basis. However, the data were

only reported to Ohbayashi and the COE when there were

significant changes, but at least once a month. The data
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reports consisted of tabulations of the raw and reduced data,

and plots of the reduced data versus time elapsed since

instrumentation installation. In general, data reports were

submitted daily for 14 to 28 days following installation, weekly

for the next 28 days, and monthly thereafter through November

1989.

The instrumentation that was not monitored with the ADAS

included certain three-position borehole extensometers in the
outlet shaft that had become electronically non-functional (see

Table 2), the convergence reference points in the tunnel, and

the displacement markers. When accessible, these instruments

were monitored on a daily basis for 14 to 28 days following

installation, weekly for the next 28 days, and monthly

thereafter through November 1989.

Appendix D contains reports of the raw and reduced data obtained

from the SPCT and outlet shaft instrumentation, and Appendix E

contains plots of the reduced data vs. elapsed time since

instrument installation. It is noted that some of the data

presented in Appendices D and E have been edited to eliminate

anomalous data from the data records, and hence, the records may

differ from reports that have been previously submitted.

4.2 Summary of Data

The following paragraphs contain brief summaries of the SPCT and

outlet shaft instrumentation data. The data are summarized on

the basis of shaft elevation or tunnel station. Because the

different types of instruments were designed for monitoring
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different ground behavior parameters, the data summaries, and

subsequent data interpretations (Section 5.0) focus on the

trends of the data rather than on the actual data values.

4.2.1 Outlet Shaft.

(a) Elevation 604. The rock mass at approximate elevation 604

at the outlet shaft site was identified by the COE as weathered

Taylor Shale. It had a soft consistency, and was damp to the

touch.

Data from the borehole extensometers installed at approximate

elevation 604 showed the somewhat unusual trend of initially

increasing in value (indicating extension of the instrument

rods, or closure of the shaft section), then decreasing for a

net reading on the order of +/-0.01 inch. The maximum extension

measured by the elevation 604 extensometers was +/-0.05 inch.

(b) Elevation 596. The rock mass at approximate elevation 596

was identified by the COE as unweathered Taylor Shale bedrock.

In the SPCT outlet shaft, it was logged as being primarily soft

to moderately soft, with some limy zones.

As with the extensometers installed at approximate elevation

604, data from the rock bolt load cells installed at approximate

elevation 596 showed the unusual trend of initially increasing

in value (indicating tensile loading of the bolt), then

decreasing. However, data from the load cells installed at

positions 1, 2, and 4 indicated subsequent reloading of the

bolts. At the time of the last reading, the tensile loads

acting on the position 2 and 4 bolts were continuing to increase

with time, although at a decreasing rate.
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The maximum loads measured by the rock bolt load cells installed

at approximate elevation 596 were as follows:

Total Load Date of
Position (kips tension) Reading

1 2.1 21 Nov. 1989
2 4.6 24 Aug. 1990
3 0.4 24 Aug. 1990
4 3.8 24 Aug. 1990

(c) Elevation 575. The majority of the displacements measured

by the borehole extensometers installed at approximate elevation

575 occurred over a relatively short period of time, 20 to 30

days, followed by relatively minor to negligible additional

displacements occurring over a long-term period. The maximum

displacements measured by the borehole extensometers installed

at approximate elevation 575 were as follows:

Max.
Displacement Date of

Position (inches extension) Readin

A 0.086 24 Oct. 1989
B 0.102 24 Aug. 1990
C 0.104 24 Aug. 1990
D 0.098 24 Aug. 1990

The trend of the elevation 575 rock bolt load cell data was

similar to the trend of the elevation 575 extensometer data,

namely, the majority of the measured load development occurred

over a relatively short period of time, 20 to 30 days, followed

by relatively minor additional load development occurring over a

long-t-rm period. As of the last reading of the load cell data,

it appeared that the tensile loads were continuing to develop on

all four bolts. 7he maximum measured loads were as follows,
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Total Load Date of
Position (kins tension) Reading

1 3.2 24 Aug. 1990
2 3.0 24 Aug. 1990
3 3.9 24 Aug. 1990
4 2.7 24 Aug. 1990

(d) Elevation 550. The trend of the data from the borehole

extensometers installed at approximate elevation 550 was

generally the same as the trend observed for the elevation 575

extensometer data. It is noted that the elevation 550

extensometer located at position A had been monitored manually.

Therefore, there was more variation between consecutive data

values than was observed for the extensometer data obtained

electronically.

The maximum displacements measured by the borehole extensometers

installed at approximate elevation 550 were as follows:

Max.
Displacement Date of

Position (inches extension) Reading

A 0.092 12 Oct, 1989
B 0.084 21 Nov. 1989
C 0.063 24 Aug. 1990
D 0.064 24 Aug. 1990

The trend of the data from three of the elevation 550 rock bolt

load cells was similar to the trend observed for the elevation

575 load cells, with the exception that tensile load development

appears to be continuing only for the position 3 bolt. The bolt

at position 1 was disturbed by construction activities, and

appeared to develop a compressive loading that the load cell

installation was not designed to monitor.
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The maximum bolt loads measured by the elevation 550 rock bolt

load cells were as follows:

Total Load Date of
position (kips tension) Readin

1 Disturbed 24 Aug. 1990
2 2.9 24 Aug. 1990
3 4.7 24 Aug. 1990
4 3.0 24 Aug. 1990

4.1.2 Instrumentation Station 143+75.

(a) Six-Position Borehole Extensometer. Data from the six-

position borehole extensometer installed at approximate Station

143+75 indicate that significant ground movements above the

crown of the tunnel did not occur in response to the tunnel

excavation until the TBM was directly below the instrument

installation. Ground movements apparently continued to occur

for the next approximately 50 days, at which time the TBM had

advanced 443 feet beyond the instrument installation, which
approximately coincides with the time at which Ohbayashi began

placing pea gravel and grout in the annular space between the

precast concrete liner segments and the surrounding rock mass,

Data from the six-position borehole extensometer installed at

approximate Station 143+75 were anomalous in that the shallower

anchors 2, 3, and 4 showed greater movements than the deeper

anchor 5. Furthermore, gross movement of anchor 6 did not occur

until the TBM had advanced 443 feet beyond the instrument

installation.
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Maximum relative movements measured by the six anchors of the

borehole extensometer installed at approximate Station 143+75

were as follows:

Max.
Rel. Movement

Anchor (inches extension)

1 0.0
2 0.081
3 0.105
4 0.137
5 0.029
6 0.555

(b) Surface Displacement Markers. Survey data for the surface

displacement markers installed in the vicinity of Station 143+75

indicate ground surface movements ranging from about 0.028 inch

"heave" to 0.040 inch "subsidence", with no apparent consistent

trend and with no apparent relationship to tunneling operations.

(c) Rock Bolt Load Cell. Data from the rock bolt load cell

installed at approximate Station 143+75 showed a reduction in

load below the approximate 1-ton tensile pre-load, The most

feasible explanation for these data are-that the bolt anchor

failed immediately upon instrumentation installation (if not

sooner).

(d) Total Pressure Cells and Reinforced Concrete Strain Meters.

The total pressure cells and reinforced concrete strain meters

installed at approximate Station 143+75 had erratic readings

until the annular space between the precast concrete liner

segments and the surrounding rock mass was filled with pea

gravel and the invert was grouted. After that time, the data

indicate nearly symmetrical stress development in the arch

segments of the tunnel lining. Furthermore, the trends of

stress development appear nearly identical as measured by the
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S total pressure cells and the reinforced concrete strain meters,

namely initially increasing to a maximum value, then decreasing.

The maximum total pressure cell measurements were on the order

of 40 to 60 psi, and the maximum reinforced concrete strain

meter measurements were on the order of 3200 psi.

(e) Convergence Reference Points. The convergence reference

points installed at approximate Station 143+75 were not

monitored until the TBM cutter head had advanced approximately

1000 feet (in 76 days) beyond the instrumentation station.

Nonetheless, the ccnvergence measurements indicate that the

precast concrete segmental tunnel lining deformed from circular,

with the diameter at the springline increasing in length, and

the diameters at the quarter-points decreasing in length. The

maximum measured increase of the springline diameter was 0.21

inch, and the maximum measured decrease of the quarter-point

diameter was 0.07 inch.

(f) Borescope Observations and Measurements. Very few

fractures were observed with the borescope at Station 143+75,

and all of the fracture observations were in borings located

above the springline of the tunnel. The general orientation of

the fractures appeared to be horizontal, and along bedding

planes of the Taylor Shale., The observed apertures ranged from

0.02 inch to 1.6 inches wide (see Appendix C).

4.1.3 Instrumentation Station 158+47.

(a) Six-Position Borehole Extensometer. As at Station 143475,

data from the six-position borehole extensometer installed at

approximate Station 158+47 indicate that significant ground

iaovements above the crown of the tunnel did not occur in
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response to the tunnel excavation until the TBM was directly

below the instrument installation. Ground movements apparently

continued to occur for the next approximately 14 days, at which

time the TBM had advanced 43 feet beyond the instrument

installation, which approximately coincides with the time at

which Ohbayashi began placing pea gravel in the annular space

between the precast concrete liner segments and the surrounding

rock mass.

Data from the six-position borehole extensometer installed at

approximate Station 158+47 were anomalous in that the shallower

anchors 3, 4 and 5 showed greater movements than the deeper

anchor 6.

Maximum relative movements measured by the six anchors of the

borehole extensometer installed at approximate Station 158+47

were as follows:

Max.
Rel. Movement

Anchor (inches extension)

1 0.0
2 0.054
3 0.098
4 0.089
5 0.153
6 0.086

(b) Rock Bolt Load Cell. As with the rock bolt load cell

installed at approximate Station 143+75, data from the rock bolt

load cell installed at approximate Station 158+47 showed a

reduction in load below the approximate 1-ton tensile pre-load.

The most feasible explanation fcr these data are that the bolt

anchor failed immediately upon instrumentation installation (if

not sooner).
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Mc) Total Pressure Calls and Reinforced Concrete Strain Meters.

The total pressure cells and reinforced concrete strain meters

installed at approximate Station 158+47 had erratic readings

until the annular space between the precast concrete liner

segments and the surrounding rock mass was filled with pea

gravel and the invert was grouted. After that time, the

reinforced concrete strain meter data indicate nearly

symmetrical stress development in the arch segments of the

tunnel lining. Furthermore, the trends of stress development

appear nearly identical as measured by the total pressure cells

and the reinforced concrete strain meters.

The maximum total pressure cell measurement was 113 psi, and the

maximum reinforced concrete strain meter measurements were on

the order of 4500 psi.

(d) Convergence Reference Points. The convergence reference

points installed at approximate Station 158+47 were not

monitored until the TBM cutter head had advanced approximately

400 feet (in 20 days) beyond the instrumentation station. The

convergence measurements indicate that the diameter of the

precast concrete segmental tunnel lining increased at the

springline and at the quarter-points. The maximum measured

increase of the springline diameter was 0.13 inch, and the

maximum measured increases of the quarter-point diameters were

0.04 inch and 0.12 inch.

(e) Borescope Observations and Measurements. Very few

fractures were observed with the borescope at approximate

Station 158+47, and all of the fracture observations except two

were in borings located above the springline of the tunnel. The

general orientation of the fractures appeared to be horizontal,
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and along the bedding planes of the Taylor Shale. The observed

apertures ranged from 0.025 inch to 1.5 inches wide (see

Appendix C).

5.0 INTERPRETIVE GROUND PERFORMANCE

In general, as of the dates of the latest instrumentation

readings, the instrumentation data have not indicated the

development of any alarming trends in rock mass behavior that

would threaten the integrity of the constructed San Pedro creek

Tunnel and outlet shaft. However, it is noted that some of the

instrumentation data continue to show increasin deformations,

loads, and stresses. It is anticipated that the rock mass

surrounding the tunnel and shaft may undergo swelling

deformation when exposed to water seeping through the lining

during system operation, and thereby causee additional

deformation or stress development in the tunnel and shaft

linings.

The following specific conclusions are made relative to the

behavior of the ground during excavation of the SPCT and outlet

shaft, as indicated by the instrumentation data:

o The initial peaking and subsequent decrease of deformations

and load development measured by the extensometers and rock

bolt load cells installed at approximate elevations 604 and

596, respectively, in the outlet shaft may be accounted for

by one, or a combination, of the following scenarios: 11

desiccation and shrinkage of the rock mass on which the

.tensometer heads and the load cell bearing plates are
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bearing; 2) the rock mass surrounding the grouted anchors

of these instruments has undergone creep at the depth of

the instrumentation anchors, or the anchors have failed;

and/or 3) a transfer of rock loads to the shotcrete lining

of the shaft. In the case of potential scenarios (1) and

(2), the distance between the anchors and the extensometer

head or the load cell would decrease, and the

instrumentation measurements would decrease. In the case

of potential scenario (3), the later increase in loads

developing in the rock bolts may then be indicating that

the shotcrete lining became loaded and began acting as a

compression ring. Data from strain gages installed per

Ohbayashi on one ring beam in the shaft excavation indicate

that most stress development in the beam occurred within

120 days of placement of the beam.

o The instrumented rock bolt installations are not compatible

with either the shaft construction support system or the

tunnel lining system. Therefore, the stresses calculated

as being either bolt stresses or rock mass stresses are not

considered to be representative of the stresses developing

in the shaft and tunnel linings. However, the trend of the

stress development in the bolts may be indicative ot the

development of stresses in the linings; that is, the

ongoing bolt stress development being measured by 10 of the

12 rock bolt load cell installations in the shaft may

indicate continuing stress development in the shaft lining.

o The three-position borehole extensometer measurements in

the shaft appear to indicate that rock mass deformations

are relatively uniform in a two-dimensional horizontal

plane at a give elevation. At the time of this writing,

the maximum decrease in shaft diameter indicated by the

G-29



extensoneter measurenents is on the order of 0.15 to 0.2

inch. However, six of the 12 extensometer installations

indicate that shaft rock wall Kovements are continuing to

occur, which trend is consistent with the trend of the data

from some of the rock bolt load cell installations in the

shaft.

c Data irom the rei .orced concrete strain meters installed

at approximate Stations 143+75 and 158+47 in the tunnel

indicate a relatively uniform pressure developing in the

arch segments of the tunnel lining at t :se stations on the

order of 25 psi. Data from the total pressure cells

installed at the same stations indicate relatively uniform

pressures developing in the arch segments ofon the tunnel

lining on the order of 15 psi and 40 psi, respectively.

o There appears to be a good correlation between the trends

of lining stress development as indicated by the total

pressure cell and the reinforced concrete strain meter

measurements at approximate Station 143+75 and Station

158+47. However, during the course of construction, the

magnitudes of the stresses indicated by the total pressure

cell measurements indicated significantly greater ralial

pressure on the tunnel lining than did the reinforced

concrete strain meter measurements. This difference may

reflect the greater sensitivity of the total pressure cell

measurements to relatively locali'ed tunnel lining

deformations than the reinforced conc-ete strain gage

measurements. Such localized tunnel lining deformations

could have been caused by the loads of the mining equipment

operating inside the tunnel and/or differential confinement

of the liner segments by the in situ rock and/or the pea

gravel and grout backfill.
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" A comparison of data from the six-position borehole
extensometers installed at approximate Stations 143+75 and

158+47 along the tunnel alignment with survey data from the

surface displacement markers installed between Stations

143+00 and 145+00 indicates that rock mass settlements

above the tunnel excavatiorn attenuate with distance above

the excavation to become practically negligible at the

ground surface. It is considered that the survey data from

the surface displacement markers are related to surface

activities in Ohbayashi's storage area, for which there ace

no accurate records, and/or apparent shrink and swell

activity of the overburden soils in the vicinity of Station

143+75. These effects appear to be sufficient to mask

excavation-induced ground surface settlements.

o There does not appear to be a correlation between the

borescope observations of fracture frequency and

orientation and other instrumentation data or observed rock

mass behavior. The relatively few fractures observed with

the borescope in the vicinity of Stations 143+75 and 158+47

of the tunnel would indicate that less rock mass movement

should be anticipated above the tunnel excavation than was

actually measured by the six-position borehole

extensometers installed to within 3 ft of the tunnel crown.

This finding may be due to the relatively short period of

time from tunnel advance to borescope observations compared

to the months-long period of time over which the

extensometer data were obtained. Furthermore, the

borescope observations were made through the shield of the

TBM whereas most of the ground movements measured by the

extenso?,eters occurred after the shield had been advanced

beyond the instrumentation station.
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TABLE I

San Antonio River and San Pedro Creek Tunnel,, Projemt

GEOTECHNICAL INSTRUMENTATION INSTALLED IN SAN PEDRO CREEK OUTLET SHA

]IJ T [PATIM IISINN i pmT-OlfN II6T.AIO : INMJATION : 1919 ; SEMI-FIW- : I rua

aE9TIO9 5M t IFS 1 RUITN.IS) DO l OWU III DA rlROs i WADS i STATUS
a(rsm.) rseainte 1) (see note 2)

Eley. 04 4 -3potionhaI bwt Zt2 ec. '87 31'r. '98 23"U.'al a "ar.' 1 88 l1aftl3D MN. '89 Pos. A mstbe

densociaters 28 Jan. 'W 4 Me. 'U 25 may '88 raaenitly

24 Mar.'9 188 le '9
20 M .'M 16 Aug. 'U

20 SOP. In
USe. '
21 Oct. '
7 Feb. '89
S Jure '89
25 Aug. '9

Ele,. 5% 4 - rack bolt 2 c. '87 18-M 9. 'U 23Mw. 'U8 288 . 'Un 21 8. '99

low cells 289300. 'B 24 %. Is 26ilyw'M
I 4b 182411Mr.'Is 27 lure '8

1 Feb. '8 28M. 'U ASugQ. 'U6

25Feb. '19 8 June 'as 0 . 'U
29 F~eb. '98 M Bet, '198

7 Feb. '89
8 June '89
25Aug. '89

Elev. 575 4 m. - 3 pm. bIreiole 2 D. '8 8-11 Apr. '8B 14 Apr. '88 26 ay '88 and 30 Nw . '89 Pos. A exten-

extensaeters, 2 Un. '8 20 Apr. 'U 27 7u '18 sUater oust be

rck bolt I Feb. '88 8 Jim 'U s Aug, 'U8 read iujally

load cells 19 Feb. 'U 0 SMp '.

25 Feb. '88 1 Oct. '

29 Feb. '88 7Feb. '59
8 JUN '89
25 Am. '6

Elev. C I a, - 3 pos. brehole 22 Dec. '87 6 may '88 23 ay '88 a Ray '88 4 Oct. '89 ard Pas. A exten-

extenswters, 2 Jan. '88 26 ay 'U8 1 Junw '88 21 Nov. '89 soimtr ft be

rock bolt I Feb. '8 8 lure 'Be 2" jur' rd arally

load cells 19 Feb. '88 16 Au. 'M

25 Feb. '8 20 Sep. '8

29Feb. '8B 1 Oct,'U

20 Ar. '8U If. '
8 Jure '89
?Aug. 'n



SHA San Antonio River and San Pedro Croek Tunnels Project

IOTCHNICAL INSTRUNEUTATION INSTALLED IN SAN PEDRO CREEK OUTLET SHAFT

I I T M±IIL INST .NATI O WNT I4IATE IHSTUIN

DATE 1 FIS) 1 DTA NRES REMUIS STAiIS
: (so ote I) 1 Ise ote 2)

aMs:
3 3r. 'V 23Ma. '1 28Mar. 'V ?j ad93DMm. '89 Po.Aetbe

e4 Mr. '18 26 Pay 'U read ammily 1. *TDVl' FEANIIS WILL FE ?NM

84 Me. U 2 Jur '88 PRIOR M P1Ol TION F FIM.

28 Ma. '88 16 fA. '98 SAN PEI1 R 1am G. n a 911
20 S". '88 T INWWlUEATI ONRET,28 Sim. '88 P9111 M01LABLE ACMSS.

21 21 Oct. '98 - I TIS S!t~~.

7 Feb. '89 M I )89IS1IN.
8,5AN '89 AS OF THE DAT OF TH SEMI-FIN&

5 Auq. '89 WEIIU.

I" Mar. 'as 23 KW. 'S 28 Mar. '88 211 1,. '89

24 har. 1U 26 may'Be
24 Mr. In 27 Jurtne
28 Mar. To 16 Au. 'N8
a 8umn V8 0 Sep. '9

21 Oct. '87 Feb. '9
8 Jun '89
ash. '89

8-11 Apr. '88 14 Apr. '88 26 Ray '9 21 aW 0 Nov. '89 .A exter-

2O Apr. '88 7 Ju '88 scmtter at be

8 ,,i '88 16 A. 'ea read mully

20 Sep. 'N
21 Oct.8 9
7 Feb. '89
8 JuNe '89
25 Ag. '89

S ay 'm 2 Mty 'N ry '88 24 Oct. '89 wu Pos. A exte,-

26 Nay 'N3 15 lm '8 21 NDY. '89 snmter ut be

8 JWL 'N 27 JuM '88 rew maraiy
16q ug. '8
2 S . 'To
21 Oct. '88
7 Feb. '29
8 lure '8Q

G-37. '89
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San Antonio River and San Pedro Creek Tunnels Project

GEOTECIINICAL INSTRUMNTMATION INSTALLED IN SAN PEDRO CREEK TUNINEL

IWMLNITATIN 1 PMM FE-IUATION IUNIA rJ ON UUTI(flU BEWYNIT TM. : 51318 T11
SUM10 1 WIM k lYFB 1 SUMMT3.S) 1 DTEW8 DATAw :3A MlI RED STARlS

li~ (so note2) (sem ntel S)

Sta. 148.5 a I- 6pas. borble 22DE17 13 July'10 4Aq. a 2 Dle. Is E1jN. '89 8
e mtmt 5Feb. 'M 21 Feb. '89 1

6JAn 1U 8 AM 189
5 July '802 8Au. '89

f 18 doplaxment 19 may 'U8 9 Rug. 'got?) 11 Aug. 'U 21 Dec. 'U 10 Jan. '90 8 markers hm PI
arkes 21 Feb. '89 beendisturbedor

2 Aug. '89 dwsrom 2d

aI - rakbltload 13 Pay 18 30 Dec.'98 7Feb. '89 21 Feb 89 21kNw.':89 aW Pas. Bstrain Re
cull; 3- ttal press- aBJune'U8 15 AV:'89 9 Jan. '90 setercanot be
are cells; 3 - rinA. 6 July 'U8 12 Ar. '89 RWa 8
cmc.storan - 9 Aq. '88 B JUMP 098
tern; 8 cuwrgera 25 Au. '89
points

I berape one- 2 A"q. 'U8 Jan.-Feb. '89 9 Feb. '89 anW Not applicable Not Wplicable Noet applicable 8
vale..s 12(Oct. 'U8 25 Mr. '89 38

Sta. lSM 1 '- 6 P. beole 5Fb. 19 18 July '8B hAa. 'U8 26 Apr. '89 a NOV. '89
eeweetr 6 June'9 1 aJune 89 8

5 July1'8 25Aug. '89 8

I I- rock boltlha 13 Pay '88 214~7 Mr. '89 14 Apr. '89 26 Apr. '89 21 Nov. '89 and pos.A press. cell 8
cell; 3 -ttal pres 2 Jue 1B tJune'89 S Jan.'9M cannot beread 8
ure cells; 3- reinf. 8 hre 18 as A. '89 8
concrate strain w- 6 July 'U8 8
ters; 6 cunegere 12 July 'U8 BE
points 9 Aug.188 8

I loecupe obne- 2 Aug. 'U8 "ar. '89 14 Ar. '89 Hit applicable Not Applicable Iket applicable
vatin I2 Oct. '90 90



San Antonio River and San Pedro Creek Tunnols Project

GEOTECHNICAL INSTRUIENTMATION INSTALLED IN SAN PEDRO CREEK TUNNEL

1MI J lN IMTiAI Eufu IlIiE
I JIM i ISTA TIs MITEIM i B IW I l.'Fle L S ITEN

S) BAN OWs iBIT DATA MM IFDING i STAIS
l(w sm te 2) 1 (soe rate 3)

87 IJuly 'a 4q. a 21 Doc. 'B 21 MN. '89
82 Feb. '89 1. 'F W Wi J I KIE TAO

8 e '89 PR 1 el TIN F FIW.
25A. '89 SFM OW ME AND fi1

9 q. 'UIm I1 Aq. ' 21 Dec. ' to Jan. '9 8 markers have POD AVAILML AME$.
21 Fib. '89 been disturbd or

2.2Am. 'IS das*.roy 2. 1IMSTINUIT STAUS' IS APP.ICAL
A AF lIE DE OF TIE BUMMI.

30 O. ,9B 7 Feb. '89 21 Feb. '89 21 Nw. '89 ard Ps. 0 strain TBIS.
5 IsMr. '89 9 Jan. '90 mter ca t be

a12 Apr. '89 rea
08J B*89
3 SAw. '89

8 Jan.-Feb. '29 9 Feb. '89 aid Not applicable Nt applicable Not applicable
38 23 Mr. 89 fl t

a toJuy 'Ms OtAg. 'm 26 Apr. '89 21 Mv. '89
88 Am '89

8 21-27 Ir. '89 14 Apr. 89 26 Apr. '89 21 N11v. '89 rd Pos. A press, cell
8 8 June'89 9 Jan. '9 cant be read

8

8 ar. '89 14 Apr. '89 Mat applicable Not applicable Not applicable
88



San Antonio River and San Pedro Creek Tunnels Project

GEOTECHNICAL INSTRUMENTATION INSTALLED
IN SAN PEDRO CREEK TUNNEL AND OUTLET SHAFT

I1EThIETATION I11"TItIEN ?I6IUIENT :

TYPE I MODE. if S. & LY)ATION8 NOTES
1 (see note 1) (see note 2)

Three-pition A-3-1500 Outlet Shaft: May be read elec-
Borehole Extern eter t 4 at Elev. 604 tronically or

0 4 at Elev. 575 Manually
' 4 at Elev. 550

Rock Bolt Load Cell 4900-0-1.0 Outlet Shaft: Load cell his
# 4 at Elev. 5% 50-ton capacity
1 4 at Elev. 575
* 4 at Elev. 5%(.

Tunnel:
I I at Sta. 143+75

I at Sta. 156+47

Six-Position A-3-1500 Tunrnl: May be read ele-
Borehole Extenemeter t I at Sta. 143+75 trowically or

* I at Sta. 158+47 manually

Total Pressure Cell 4800E Tunnel:
# 3 at Sta, 143+75
# 3 at Sta. 158+47 Pos. A cell cannot

be read

Reinforced Concrete 4911 Sister Bar Tunnel:
Strain Meter * 3 at Sta. 143+75 Pos. B meter cannot

be read
* 3 at Sta. 158+47

Convergence Reference Points: N/A Tunnel:
Points Tape Extensomter: a 8 at Sta. 143+75 Invert point has

1600-1 been destroyed

* 6 at Sta. 15B+47 Crown and invert
points were rot
installed

Lisplaceent Markers N/A 18 between Tunnel 8 markers have been
Stations 143+00 and disturbed or
145+00 destroyed

Borescope Instrument Tech- 7 boreholes 8 ft. lon g

logy, Inc. wdel at Tunnel Stations

122500 (extend- 143+63, 143+71, 143+79,
able) 143+87, 143+95, 158+359,

158+47, and 158+55

NOTES

I. ALL I'MkENTS WERE PMANFACTURED BY, AC KF MAS FR(OM, GEOKO, INC., EXCEPT
TIE BOc P. G-39

2. LISTED EEATIONS AN STATIOI6 ARE APMXIMTE.

vodwmocde Conf w



S APPENDIX A

REPORTS OF RAW AND REDUCED INSTRUMENTATION DATA

(NOT INCLUDED)

DRAFT FINAL INSTRUMENTATION REPORT FOR THE
SAN PEDRO CREEK TUNNEL AND OUTLET SHAFT

SAN ANTONIO RIVER AND SAN PEDRO CREEK TUNNELS PROJECT
WCC PROJECT NO. 871249C
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PLOTS 077 RE? D DE mm -aOs DATA

DRAFT FINAL INSTRUMENTATION REPORT FOR THE
SAN PEDRO CREEK TUNNEL AND OUTLET SHAFT

SAN ANTONIO RIVER AND SAN PEDRO CREEK TUNNELS PROJECT
WCC PROJECT NO. 87H249C
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